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APPLIED MECHANICS 




Frames. 



(1). Definitions, — Frames are rigid structures composed of Istraight 
struts and ties, jointed together by means of bolts, straps, mortises and 
tenons, &c. Struts are members in compression, ties members in tension, 
and the term brace is applied to either. 

The external forces upon a frame are the loads and the reactions 
at the points of support, from which may be found the resultant forces 
at the joints. The lines of action of these resultants intersect the joints 
at or near the centre in points called the centres of resistance. The 
figure formed by joining the centres of resistance in order is usually a 
polygon, and is designated the line of resistance of the frame. 

The position of the centres should on no account be allowed to 
vary. It is assumed, and is practically true, that the joints of a frame 
are flexible, and that the frame under a given load does not sensibly 
change in form. Thus, an individual member is merely stretched or 
compressed in the direction of its length, i.e., along its line of resistance, 
while the frame as a whole may be subjected to a bending action. The 
term truss is often applied to a frame supporting a weight. 
(2) Fra/me of two members. 







OA^ OB are two bars jointed at and supported at the ends J., B. 
The frame in Fig. 1 consists of two ties, in Fig. 3 of two struts, and in 
Fig. 2 of a strut and a tie. 

Let P be the resultant force at the joint, and let it act in the direc- 
tion OC, Take OC equal to P in magnitude, and draw CD parallel 
to OB ; OD is the stress along OA, and CD is that along OB. 
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t FUNICULAR POLYGOK. 

Let the angle AOB= a, and the angle COD=p, 
Let Sif St, be the stresses along OA, OB, respectively. 
Si _ OP _ Hn^^P ^^^ St _ CD_ sin 
•'• P" OC^ sin a F OC sin a 

(3.) IVcmie of three or more members. 




Let A^A^At ... be a polygonal frame jointed at ^i, A^, A^... 

Let Pi, P„ P, ... be the resultant forces at the joints -4„ A^, J., ... 

respectively. Let S„ Sf, S^ be the forces along ^,-4„ A^ -4, ,,. 

respectively. 

Consider the joint A,. 

The lines of action of three forces, P„ S^ and S^, intersect in this joint, 
and the forces, being in equilibrium, may be represented in direction and 
magnitude by the sides of the triangle OsiS^, in which s, s^ is parallel to 
P,, 0«, to Sly and Os^ to S^. 

Similarly, P„ Si, Sf, may be represented by the sides of the triangle 
OsiSf which has. one side Osy common to the triangle Os^s^, and so 
on. 

Thus, every joint furnishes a triangle having a side common to each 
of the two adjacent triangles, and all the triangles together form a closed 
polygon «i «, «3... The sides of this polygon represent in magnitude and 
direction the resultant forces at the joints, and the radii from the 
pole to the angles s^s^s^ ... represent in magnitude, direction and 
character, the forces along the several sides of the frame AiA^A^ ... 
The polygon s^s^^ ... is the line of resistance of the frame, and is 
called the funicular polygon of the forces Pj, P„ P„ ... with respect 
to the pole 0. 
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FUNICULAB POLYGON. 3 

Corollary 1. — The converse of the preceding is evidently true. 
For if a system of forces is in equilibrium, the polygon of forces «| s^b^,,. 
must close, and therefore the polygon which has its sides respectively 
parallel to the radii from a pole to the angles «i,«i,«3, ... and which 
has its angles upon the lines of action of the forces, must also close. 

CoroUary 2. — Let the resultant forces at the joints be parallel. 




The polygon of forces becomes the straight line «i% which is often 
termed the line ofhads. Thus, the forces P„ P„ ...Pj are represented 
by the sides s^ s^, «, s„ ... s^ s^, which are in one straight line closed by 
«i «e and «5 «e, representing the remaining forces P^ and Pe* 

Draw OH perpendicular to «,«5, the line of loads ; OH represents 
in magnitude and direction the stress which is the same for each 
member of the ftame. 

Let at, Of, Of., be the inclinations of the members J., J.,, J^ ji„. • , 
respectively, to the line of loads. 

. • . 0H=- Hsi, tan ai and also, OH^ Hs^. tan a^ 

. •• OH. (fiot ttj + co< a^) = Ha^ + ^*6 = '^ *6 = P, + -P, + P4 + A = -P, + P, 

P8+..+ P5 ^l + 'Pe J • xl. i. 

• />i7 L= — —1 1 and is the stress common to 

• *^°^ — cot Cj + cot a^ cot a, + cot a^ 

each member. 

OH 
Again, the stress in any member, e.^.. At A^, is Os^ = ^.^^ 

CoroUary 3. — Let the resultant forces at the joints Ai, ^, he in- 
clined to the common direction of the remaining forces, and act in ihe 
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METHOD OF SECTIONS. 




directions shewn by the dotted lines (Fig. 4'). Let P\, P\ be the 
magnitudes of the new forces ; draw «i 9\ parallel to the direction of Rx 
so as to meet Oa^ in 8\, (Fig. 5) ; join 8^ 8\, Since there is equili- 
brium, 8\ 8f, must be parallel to the line of action of V\, 

Thus «i 8\ «5 is the force polygon. 

Corollary 4. — The forces, or loads, P„ P^.,,P^, 
are generally vertical, while Pj, -P^, are the vertical I 
reactions of two supports. In this case, 8^ and E 
coincide, and H is the horizontal stress commoQ 
to each member of the frame. 

The stress in any bar may be found as in Corol- 
lary 2. 

Corollary 5. — If the number of the forces P^, ' 
P„ ... is increased indefinitely, and the distauoe btv 
tween the lines of action of the forces indefioitely 
diminished, the funicular polygon becomes a curve 
and is called the funicular curve. 

Corollary 6. — If more than two members meet at a joint, or if the 
joint is subjected to more than one load, the resulting force diagram 
will be a quadrilateral, pentagon, hexagon ... according as the number of 
members is 3, 4, 5 ... or the number of loads is 2, 3, 4... 

(4) Method of Section8, It often happens that the stresses in the 
members of a frame may be easily obtained by the method of sections. 
This method is precisely similar to that employed in discussing the 
equilibrium of beams, and depends upon the following principle : — 

jy a frame is divided by a plane section into two parts, and if each 
part is considered separately , the stresses in the bars (or members') 
intersected by the secant plane must balance the external forces upon 
the part in question. 

Hence, the algebraic sums of the horizontal components, of the vertical 
components, and of the moments of the forces with respect to any point, 
are severally zero, t.e., analytically, 

2(jr)=o, 2 (Y)=o, and M=0 

These equations are solvable if they do not involve more than three 
unknown quantities, i.e., if the secant plane does not cut more than 
three members, the corresponding stresses are determinate. 

(5) Jib-Crane. Fig. 7 is a skeleton diagram of an ordinary jib- 
crane. 

OA is the post fixed in the ground at 0. 
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CBAK£S. 

OB is the jib, AB is tihe tie. 

The jib, tie and gearing are sus- 
pended from tbe top of the post by a 
cross-head, which admits of a free ro- 
tation round the axis of the post. 

Let the crane raise a weight W. 

Three forces in equilibrium meet 
at j5, viz., IT, the tension T in the 
tie, and the thrust C along the jib. 
They may be represented by the sides 
of the triangle AOB to which they 
are respectively parallel. 

AB 




.•. TzizW. 



_.andC=r.J?^ 
3© AO 



The stress S in the chain tends to produce a compressive stress of 

equal magnitude in any member along which it passes. Thus, if it 

pass along AB the resultant stress in the tie is T-S, while if it pass 

along BO, the resultant stress in the jib is C+S, 

W 
Also, neglecting friction, 8=^ — , n being the number of falls of chain 

from B, 

Again, the post is a semi-girder fixed at one end and acted upon at 
the other by a force T, 

Let Mg^ be the bending moment at any point E of the post distant x 
from A, 



Mx = T. CosBAD. a:= W. ^. 



AB AD ,_ 



x^wM,x 



AB AO 

The bending moment at is evidently W.AJD, and is independent 

of the height of the post. 

BD BD 

The vertical component of T, viz., T. — — = W. _-, is transmitted 

through the post. Hence, the total unit-stress in the layers of the 

transverse section at E, distant y from the axis, is -^ -^ ± -j -™x) 

A being the area of the section, and / its moment of inertia with 
respect to the axis. The total resultant pressure along the post at 

= ~T.sinBAJ)^asinB0F = -W.^+W,^.i2^=:W 

If the post revolves about its axis, the jib and gearing are bolted to 
i, and the whole turns on a pivot at the toe Cr. Li this case the frame, 
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CRANES. 




as a whole, is kept in equilibrium by the weight W, the horizontal re- 
action Hof the curb-plate at 0, and the reaction i?at G, The first 
two forces meet in F, and therefore the reaction at G must also pass 
through F, 

Hence, since OFG is a triangle offerees, 

(6) Der rich- 
Crane. Fig. 8, 
shews a combination 
of a derrick ' and 
crane called a' der- 
rick-crane. It is 
distinguished from 
the jib-crane, by 
having two hacJc- 
stays, which are 
usually situated in planes at rightrangles to each other. One end of 
the jib is hinged at or near the foot of the post, and the other is held by 
a chain, which passes over pulleys to a winch on the post, so that the jib 
may be raised or lowered, as required. 

The derrick-crane is generally of wood, is simple in construction, is 
easily erected, has a vertical as well as a lateral motion, and a range 
equal to a circle of from 10 to 60 ft. in radius. It is, therefore, very 
useful for temporary works, setting masonry, &c. 
The stresses in the jib and 

tie are obtained as in §(5), 

and those in the back-stays 

and post may be calculated 

as follows : — 

Let OH, OK, OL, be the 

horizontal traces of the tie 

and back-stays. 
In HO produced, take ON 

to represent the horizontal 

component of the stress in 

the tie, t.e., T, sin a, a being 

the inclination of the tie to 

the vertical. Complete the 

parallelogram X T, 
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CRANES. 7 

OX and OF are the horizontal components of the stresses in the back- 
stays. Let the angle NOX^ e. 
/. OX = ON, cos e ^ T, tin a, cos e, and is a maximum when ^ = 0** 

OY=ON.sine=T.sina.sine, " " " e=90o 

Hence, the stress in the back-stay is greatest, when the plane of the 
back-stay and post coincides with that of the jib and tie. 

Again, let p be the inclination of the back-stays to the vertical. The 
vertical components of the back-stay stresses are T. sin a. cos e. cot p and 
T. sin a. sin B, cot /s, so that the corresponding stress along the post is 
T. sin a. cot p, (cos e + sin $), which is a maximum when ^ = 45°. 

(7). Bent Crane. 




Fig. 10. shews a convenient form of crane when much head-room is 
required near the post. The crane is merely a semi-girder, and may be 
tubular with plate webs if the loads are heavy, or its flanges may be 
braced together as in the Fig. for loads of less than 10 tons. The 
flanges may be kept at the same distance apart throughout, or the 
distance may be gradually diminished from the base towards the 
peak. 

Let the letters in Fig. 10 denote the stresses in the corresponding 
members. Three forces S^ C„ and W, act through the point (1), so 
that 5^1 and C, may be obtained in terms of W; three forces Si,Si, T,, 
act through (2), so that Sf and T, may be obtained in terms of Si and 
therefore of W; four forces ^„ (7„ S^, C4, act through (3), and the 
values of ^„ C„ being known, those of Si, C4, may be determined. 
Proceeding in this way, it is found that of the forces at each succeeding 
joint, only two are unknown, and the values of these are consequently 
determinate. 
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TIMBEB TRUSSES. 



The calcnlations may be checked by the method of mommts and by 
the stress diagram, (Fig. 11). 

e,g.^ let Tr= 10 tons. 

Take moments about the point (7). 

••• ^. (y7) == 10. {x 7) or T, = f^. 10 = 26 tons. 

No other forces enter into the equation of moments, as the portion 
of the crane above a plane intersecting 68 and passing through (7) is 
kept in equilibrium by the weight of 10 tons and the stresses T;, S^, C, ; 
the moments of S^ and Ci about (7) are evidently zero. 

Again, from the stress diagram, Tj = $i?= ^, 10 = 26 tons. 

(8) Timber bridge cmd roof \ 
trusses of small span, 

(a). — ^A single girder is the 
simplest kind of bridge, but is 
only suitable for very short spans. 
When the spans are wider, the 

centre of the girder may be sup- ^^^^^^^^^^^^^^^^^^^^^ 
ported by struts OC, OB, Fig. 12, through which a portion of the weight 
is transmitted to the abutments. 

Let the weight at be P, and let a be the angle AOC. 

The thrust along OC = :? . -^ = - . J_ 
^ % AC 1 9ina 

The horizontal thrust at = -. — ^^.cota 

2 AO 2 

The horizontal and vertical thrusts upon the masonry at C (or i>), 

P P \ 

are --. cot a, and — » respectively. 

2 2 stn a ^ ^ 

If the girder is uniformly loaded, Pis o/ie-AaZ/of the whole load. 

(^)- — I^ ^ig- 13 a straining dll, E F, is introduced, and the girder 
is supported at two points. 

Let P be the weight at encli 
of the points E and P, 

The thrust in EC (or FD) 




^ p EC 
AC 



= P. 



and the horizontal thrust 




in the straining piece = P, ^^ - 

AC _^^^^^^^^^^^^^^^ 

If a load is uniformly distributed over AB, it may be assumed that 
each strut carries one-half of the load upon AF (or BE), and that each 
abutment carries one-half of the load upon AE (or BF). 
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^3y means of straining cillsl 
the girders may be supported! 
at several points 1, 2, ... and the I 
weight concentrated at each may I 
be assumed to be one-half of the | 
load between the two ad 
points of support. The calculations for the stresses in the struts, etc... 
are made precisely as above. 

If the struts are very long they are liable to bend, and oounterbrace» 
AMy BN, are added to counteract this tendency. 

(c). — The triangle is the only geometrical figure of which the form 
cannot be changed without varying the lengths of the sides. For this 
reason, all compound trusses for bridges, roofs, etc., are made up of 
triangular frames. 

Fig. 14 represents the 
simplest form of roof-truss, 
the dotted lines being the 
lines of resistance of the 
bars. 

AC, BC are rafters of 
equal length inclhied to 
the horizontal at an angle a« 
and each carries a uni- 
formly distributed load W* 

The rafters react horizontally upon each other at C, and their feet 
are kept in position by the tie-beam JlB. 

Consider the rafter AG, 

The resultant of the load upon AC, i.e., W, acts through the middle 
point D. 

Let it meet the horizontal thrust H of BC upon AC in F, 

For equilibrium, the resultant thrust at A must also act through F, 

The sides of the triangle AFE, evidently represent the three forces. 




Hence, ^=W-.^|= 
AF 



W AE W ^ 
- — .=!':;-- cot a, 
2 JJE 2 



B^W. 



FE 



=iW.\J 



AE^ + EF* 



FE^ 



= Tr.\/i+^. 



= T.V 



JL ^ 



cot* a. 



The thrust R produces a tension H in the tie-beam, and a vertical 
pressure IT upon the support* 
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KING-POSTS. 



Also, if 7 IB the angle FAH, 

AE AE 

If the rafters AC, BC, are 
unequal, let a„ a„ be their 
inclination to AB^ respectively. 

Let Fi be the uniformly 
distributed load upon AC, IT, 
that upon EC, 

Let the direction of the mutual thrust P at C make an angle /S with 
the vertical so that if CO is drawn perpendicular to FC, the angle COB 
= j8 ; the angle ACF =z 90''— ^(70 = 90«— /s — «i 

Draw AM perpendicular to the direction of P, and consider the 
rafter AC. As before the thrust i?i at A, the resultant weight Fi 
at the middle point D of AC, and the thrust P at C, meet in the point 
F, Take moments about A, 

•'•P.AM^ W^.AE 




But AM=:Aa sin ACM— AC. cos fi — ai, and ^-E= ^. 



COS. ai, 



2 



cos ai 



'cos (fi—aj 
Similarly, by considering the rafter EC, 

y _ F, COS Ctj Wi cos Oj 

2 ~ 



F=: 



Hence, -^ 



sin (iS + oj • 
cos a\ 



and 



toni3=- 



90) 



2 C05 {$ + Oj) 

Fj co«a- 
"2" 



CO* (iS + Oj) 



F,+ F, 



TFi. ton a»- fTg. ton ai. 
The horizontal thrust of each rafter = F, sin $ 
The vertical thrust upon the support A== TTj - P. cos $ 

E^W.-^P.cosfi 

(d). — King-post truss. The 
simple triangular truss may be 
modified by introducing a king- 
post CO, (Fig. 16), which car- 
ries a portion of the weight of 
the beam AE, and transfers it 
through the raft;ers so as to act 
upon the tie in the form of a tensile stress. 
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Let P be the weight borne by the king-post ; represent it by CO. 
Draw OD parallel to BC and DE parallel to AB. 

CE P 1 

DC= -. — =^- -: » is the thrust in CA due to P, and is of course 

sin a 2 8tn a, ' 

equal to DO, i, c, the thrust along CB, 

DE=^ CE,cot a = ^. co^ a, is the horizontal thrust on each rafter, and 
is also the tension in the tie due to P, 

Let TTbe the uniformly distributed load upon each rafter. 

The total horizontal thrust upon each rafter = (TT f P). ^2if 

2 
p 
The total vertical pressure upon each support = ^+0" 

If the apex C is not vertically 
over the centre of the tie-beam, 
(Fig. 17), take CO, as before, to 
represent the weight P borne by 
the king-post ; draw OD parallel 
to BC, and DE parallel to AB. 

The weight P produces a 
ihrust CD along CA, DO along CB, and a horizontal thrust DE upon 
each rafter 

CE is the portion of P supported at A and EO that supported at B. 

DE, and therefore the tension in the tie AB, diminishes with AO, 
being zero when AC is vertical. 

Sometimes it is expedient to 
support the centre of the tie- 
beam upon a column or wall (Fig. 
18), the king-post being a pillar 
against which the heads of the 
rafters rest. 

Consider the rafter AC. 

The normal reaction R' of CO 
upon AC, the resultant weight 
Wat the middle point D, and the 
thrust RitA meet in the point F. 

Take moments about A, 

.'. B\ AC = W.AE, or R = —. cos a 
Thus the total thrust transmitted through CO to the support at is 
2. -=r COS a. COS a^zW. cost a 
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12 KING-POSTS. 

The horizontal thrust upon each rafter = — . co« a. Mn a =- * 

(c). — If the raft;ers are incon- 
veniently long, or if they are in 
danger of bending and breaking, 
across, the centres may. be sup* 
ported by struts OD, OE, (Fig. 
19). A portion of the weight 
upon the rafters is transmitted 
through the struts to the king-post (or rod), which again transmits it 
through the rafters to act partly as a vertical pressure upon the supports, 
and partly as a tension on the tie-beam. 

Indeed, the main du<y of struts and ties is to transform transverse 
into longitudinal stresses. 

The load upon the rafters (2. W) may be assumed to be concentrated 
at the points A, D, C, E, and By in the proportions _?, _, _, _? and 

W W 

> respectively. Drop the vertical DF to represent the load J_ at 2>; 

* 2 

draw FO parallel to OD, and 6? JT parallel to AB. 

GF (=:DG) is the thrust along DO, and may be resolved at into 

its vertical (= DK) and horizontal ( = GK) components ; the latter is 

counteracted by an equal horizontal thrust from the strut OE, The 

vertical component i>iK'r=— y is borne by the king-post, so that the 

W 

total pull upon the king-post is -^ + i*, P including the weight of the 

2 

struts and post. 

Take CM to represent this ^xHilplus the weight at C, i.e., CM=: W+ P, 

Draw ML paridlel to BC^ and ZiV parallel to AB. 

CL = -1-^ . 4 — is the thrust along the rafter from C to D. 

CL + DG=( ^'^ f JL\ . 1 — , is the thrust along the rafter from 

jDto^. 

XJV+ OK=i /'L_?^+Z- y cot a, is the tension in the tie. 

Note. — The king-post truss is the simplest and most economical 
frame for spans of less than 30 ft. In larger spans, two or more sus- 
penders may be introduced, or the truss otherwise modified. 
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(Figs. 





Collar-beams (DE)j queen-posts (JDF, EG), braces, &c., 
20, 21), may be employed to pre- 
vent the deflection of the rafters, 
and the complexity of the truss 
necessarily increases with the 
span and with the weight to be 
borne. 

The stresses in the several 
members are calculated in the 
manner already described. 

In Fig. 21, e. g., it may be 
assumed that one-half of the 

weight upon ^C=s( ^\ is con- 
centrated at 2>, and that the 
component of this weight per- 
pendicular to the rafter viz., 
W 

y. co« a, is distributed be- 
tween the collar-beam i>^and the queen-post i)jP. 

(9) Trusses for bridges and roofs of large span. 

In bridges and roofs 
of large span the rafters 
or braces, AC, BC, are 
very long, and the unsup- 
ported distance between 
A and 0, or B and 0, is 
too great. The rafters 
are therefore cut off at 
D and ^, (Fig. 22), a 
straining piece DE is introduced, and the tie-beam AB is supported 
at two points by queen-rods (or posts), DF and EG. 

Let TTbe the load upon each of the braces AD, BE. 

Let P be the weight borne by each queen-rod. 

The thrust along DE, the resultant weight upon EB, and the resul- 
tant thrust at B evidently meet in the point K. 

Take KL to represent W, and draw i^Jlf parallel to EK. 

LM is the horizontal thrust in DE, or the tension in AB, due to W. 

Take ENU> represent P, and draw i^^ parallel to EB. 

ET is the thrust in ED, or the tension in AB, due to P. 
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. Hence, the total thmst in DE, or tension in AB^ = LM+ ET 
= (^+ P\.cota. 

The values of P and IT depend npon the character of the loading. 

If the load, including the weight of the truss, is uniformly distributed 
oyer the tie-beam, as in the case of a bridge, it may be assumed to be 
concentrated at the points A^ F, G and B, in the proportions one-half 
of the load upon AF^ one-half of the load upon AG, one-half of the load 
upon BF, and one-half of the load upon EG, respectively. 

Suppose the load to be un- 
equally distributed, and that 
a single weight W is suspend- 
ed from E. This produces an 
upward pull at D, equal in 
magnitude to the downward 
pull at E, 

The latter force may be neu- 
tralized by an equal and opposite 
force at E, or by a downward 

pull of — at i>, together with 

2 

W' 
an upward pull of— at E, 

which is the manner in which 
the beam AB neutralizes the 
effect of the weight W\ 

The beam AB is therefore acted upon by two opposite forces, the one 

at jP, the other at (?, each being equal to _ in magnitude. 
Let /? be the reaction at A ; let AB = ?, and FG = c. 

The magnitude of the bending moment at F and G, at which points 
it is evidently a maximum, is •^'.4-« -s^ = 7-' ^ — ^' 

The ordinates of the dotted fines, Fig. 24, are proportional to the 
bending moments due to the two equal and opposite forces — FF' being 
the bending moment due to the upward pull at D, and GG' that due to 
the downward pull at E. 

Again, the rigidity of the truss may be increased by introducing 
diagonal braces DG and EF, as shewn by the dotted lines in Fig. 22. 
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The shearing force for points between F and 6r is a maximum when 



W 



W _W'l^c 



the load is at jPor O, its value being ± ^y « •+• "o" =*"*" "2"* "7~ '^^^^ 

force has to be transmitted to the horizontal beams through the medium 
of a diagonal, which is DG when the load is at F and EF when the 
load is at G, Thus, the magnitude of the greatest thrust in either 

of the diagonals is, -15-*- — —7-, 

s being the length of a diagonal, and d the depth of the truss. 

(10) General remarks. — In the trusses described in (d) and (e) 
§ (8), and in § (9), the vertical members are ties, i.e., are in tension, 
and the inclined members are struts, i.e., are in compression. By 
inverting tlje respectiye figures another type of truss is obtained in 
which the verticals are struts while the inclined members are ties. 
Both systems are widely used, and the method of calculating the stresses 
is precisely the same in each. 

In designing any particular member, allowance must be made for 
every kind of stress to which it may be subjected. The collar-beam 
DF in Fig. 21, for example, must be treated as a pillar subjected to 
a thrust in the direction of its length at each end; if it carry a 
transverse load, its strength as a beam, supported at the points D and F, 
must also be determined. Similarly, the rafters AC, BC, Fig. 19, 
etc., must be designed to carry transverse loads and to act as pillars. 
But it must be remembered that struts and queen-posts provide additional 
points of support over which the raft;ers are continuous, and it is there- 
fore practically sufficient to assume that 
the rafters are divided into a number of 
short lengths, each of which carries one- 
half of the lo&d between the two adjacent 
supports. 

When a tie-beam is so long as to re- 
quire to be spliced, allowance must be 
made for the weakening effect of the splice. 

(11) Compound Roofs. — In mansard 
roofs and many other framings a number 
of rafters are made to abut against each 
other as in Fig 25. 

The relative position of the rafters is 
fixed by the condition that the horisontal 
pressure upon each must be the same, 
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in order that the pressure may be completely transmitted from one 
rafbec to the next. 

Let TFj, F;, TTj ..., «„ «„ a^.-be the weighte and inclinations to 
the horizontal of the raftertf AB, B,Cy CD... respectively. 

Assume that the weights are concentrated at the points A, B, G. 

m the proportions -^-j — ^ ' 2 — ' ' respectively. 

The triangles BFA, BAG, GGH^.. represent the forces at these 

W BP TV 
Hence the horizontal pressure upon AB = ^*» -j^ ^ -^^eota^ = JTi 

The resultant thrust along BC ^_. _ g— . ^^(^^_^^) 

J .^ , . . , , TTi + TTj co^aiM coders „ 

and its horizontal component = — ^r — -. — . 7V — e- = E*. 
'^ 2 8tn (a^- ai) 

Similarly the horizontal component of the thrust along CD 

W\ + W^ cos a, cos a^ „ j 
^ —^-7= — =-. -T—p —T = A, and so on. 

But jBTi == ^, =« J3s . . . . 

TT _ TFi 4- y^a cog ai. cos Ot _ TF, + TF3 coi ch cos Oj 

.•. 2\co/ai - *^ 'sini(H-^ai) 2 'co* (03-0.) ' ' * 

Wi . _ ITi 4- TT , 2 , TF, 4- TF3 . 1 

or— 'cotai— 2 'tona,— <anai ~2 tan<h—tcm<h 

/ 2Tr, Fi\ ^ 
<(ma3==^2 + -pj+ -y^J.tanax 

ton 04= (2+ y^ ytanax 

&c. &c. 
IfTri= F;=F;...,.*. tona, = -L- «an a^^ ^' t(m a^^ j^- tan a^^ 

(12) GotUi:, Roof 7Vm«*.— This class of truss exerts an oblique 
pressure upon the supporting walls, and the framing should be so 
designed as to reduce the horizontal component of this pressure to a 
minimum. 

The primary truss K D E L supports the weights at Z>, C,and E, 
(Fig. 26). 

The weight TTupon ACy or BC, may be assumed to be concentrated 

W W W W 
at the points A, D, C, E^ and B, in the proportions —, -g* » "2' T» 
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and -7-' respectively. 

the total weight upon the pri- 

3 
mary truss ~ s. W. Trace the 

stress diagram ; the line 0/ loads 
MN is evidently vertical ; take 
MN^ i.W^; draw OM, ON, 
parallel to DK, EL, respect- 
ively. 

The horizontal line OH is the 
thrust along DE, and OJf is the 
thrust along DK, 

Draw OT parallel to AD; 
the sides of the triangle OTH 
represent the stresses in the 
members AD, DF, and FA, 

Also, since DF is equal and 
parallel to AK, T is the middle 
point of MH, 

The thrust along AK =. the 
thrust along DF + portion of 
weight concentrated at A 

W 



GOTHIC HOOF TRUSS 



Hence 






,'W. 



w 



Z7- 




The secondary truss DCE carries a weight -j- at C 

Take H& « ^ and draw SO' parallel to CD; S&H\a a triangle 
of forces for one-half of the secondary truss. 

Alflo -^^ = — =5 — =o> *^d the resultant thrust along 2>^is 
' OH HT i. "» * 



W 



OS— aH^^OB. 
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CHAPTER 11. 
Roofs. 

(1). — Types of Trass, — ^A roof truss may be constructed of timber, 
of iron, or of timber and iron combined. Timber is almost invariably 
employed for small spans, but in the longer spans it has been largely 
superseded by iron, in consequence of the combined lightness, strength 
and durability of the latter. 

Attempts have been made to classify roofs according to the mode of 
construction, but the variety of form is so great as to render it imprac- 
ticable to make any further distinction than that which may be drawn 
between those in which the reactions of the supports are vertical and 
those in which they are inclined. 




Fig. 1 is the simplest form of truss for spans of less than 30-ft. 

Fig. 2 is a superior framing for spans of from 30 to 40-ft. ; it may 
be still further strengthened by the introduction of struts, Figs. 3 and 4, 
and with such modification has been employed to span openings of 90 
ft. It is safer, however, to limit the use of the type shewn by Fig. 3 to 
spans of less than 60-ft. Figs, 5, 6, 7, 8 and 9 are forms of truss suit- 
able for spans of from 60 to 100-ft. and upwards. 

Arched roofs (Figs. 8 and 9) admit of a great variety of treatment. 
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They have a pleasing appearance, and cover wide spans without inter- 
mediate supports. The flatness of the arch is limited by the requirement 
of a minimum thrust at the abutments. The thrust may be resisted 
either by thickening the abutments or by introducing a tie. If the only 
load upon a roof-truss were its own weight, an arch in the form of an 
inverted catenary, with a shallow rib, might bemused. But the action of 
the wind induces oblique and transverse stresses, so that a considerable 
depth of rib is generally needed. If the depth exceed 12-ins., it is better 
to connect the two flanges by braces than by a solid web. 

Eoofs of wide span are occasionaUy carried by ordinary lattice girders. 

(2) Principals, Purlins^ dtc. 




The principal rafters in Figs. 1 to 7 are straight, abut against each 
other at the peak, and are prevented by tie-rods from spreading at the 
heels. When made of iron, tee (T), rail, and channel (both single ^^ 
and double ][ ) bars, bulb tee (T) and rolled (I) iron beams, are all 
excellent forms. 

Timber rafters are rectangular in section, and for the sake of 
economy and appearance, are often made to taper uniformly from heel 
to peak. 

The heel is fitted into a suitable cast-iron skew-back, or is fixed betweeib 
wrought-iron angle brackets, (Figs. 10, 11, 12^, and rests either directiy 
upon the wall or upon a wall-plate. 

When the span exceeds 60-ft., allowance should be made for alterations 
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of lengtH due to changes of temperature. This may be efieoted by inter- 
posing a set of rollers between the skew-back and wall^plate at one heel, 
or by fixing one heel to the wall and allowing the opposite skew-back to 
slide freely over a wall-plate. 

The junction at the peak is made by means of a casting or wrought 
iron plates, (Figs. 13, 14, 15). 




Light iron and timber beams as well as angle-irons are employed as 
purlins. They are fixed to the top or sides of the rafters by brackets, 
or lie between them in cast-iron shoes, (Figs. 16 to 21), and are usuaUy 
held in place by rows of tie-rods, spaced at 6 or 8 ft. intervals between 
peak and heel, running the whole length of the roof. 

The sheathing boards and final metal or slate covering is fastened upon 
the purlins. The nature of the covering regulates the spacing of the 
purlins, and the size of the purlins is governed by the distance between 
the main rafters, which may vary from 4-ft. to upwards of 25-ft But 
when the interval between the rafters is so great as to cause an undue 
deflection of the purlins, the latter should be trussed. Each purlin may 
be trussed, or a light beam may be placed midway between the main 
raft;ers so as to form a supplementary rafter, and trussed as in Fig. 22. 

Struts are made of timber or iron. Timber struts are rectangular iti 
section. Wrought iron struts may consist of L irons, T-bars, or light 
columns, while cast-iron may be employed for worJb of a more ornamental 
oharacteo'. The strut-heads are attached to the rafters by means of cast 
caps, wroughtriron straps, brackets, Ac., (Figs. 23 to 26), and the strut- 
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feet are easily designed both for pin and serew eonneotions, (Figs. 27 
to30). 




Ties may be of flat or round bars attached either by eyes and pins or 
by screw ends, and occasionally by rivets, (Figs. 31, 32). The greatest 
care is necessary in properly proportioning the dimensions of the eyes 
and pins to the stresses that come upon them. 




To obtain greater security, each of the end panels of a roof may be 
provided with lateral braces, and wind-ties are often made to run the 
whole length of the structure through the feet of the main struts. 

Due allowance must be made in all cases for changes of temperature. 

(3) Boof weights. — In calculating the stresses in the different mem- 
bers of a roof truss two kinds of load have to be dealt with, the one 
permanent and the other accidental. 

The permanent load consists of the covering^ the framing^ and a.ccu- 
mulations of snow. 

Tables at the end of the chapter shew the weights of various coverings 
and framings. 

The weight of freshly fallen snow may vary from 5 to 20-lbs. per 
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cubic ft. English and European engineers consider an allowance of 6 
lbs. per sq. ft. sufficient for snow, but in cold climates, similar to that of 
North America, it is probably unsafe to estimate this weight at less than 
12-lbs. per sq. ft. . 

The accidental or live load upon a roof is the wind pressure, the 
maximum force of which has been estimated to vary ftom 40 to 50-lbs. 
per sq. ft. of surface perpendicular to the direction of bhw. Ordinary 
gales blow with a force of from 20 to 25-lbs., which may sometimes 
rise to 34 or 35-lbs., and even to upwards of SO-lbs. during storms of 
great severity. Pressures much greater than 50-lbs. have been recorded, 
but they are wholly untrustworthy. Up to the present time, indeed, 
all wind pressure data are most unreliable, and to this fact may be 
attributed the frequent wide divergence of opinion as to the necessary 
wind allowance in any particular case. The great differences that exist 
in all recorded wind pressures are primarily due to the unphilosophic, 
unscientific, and unpractical character of the anemometers which give no 
correct information either as to pressure or velocity. The inertia of 
the moving parts, the transformation of velocities into pressures, and 
the injudicious placing of the anemometer, which renders it subject to 
local currents, all tend to vitiate the results. 

It would be practically absurd to base calculations upon the vio- 
lence of a wind-gust, a tornado, or other similar phenomena, as it is 
almost absolutely certain that a structure would not lie within its range 
In fact, it may be assumed that a wind pressure of 40 lbs. per sq. ft. 
upon a surface perpendicular to the direction of blow is an ample and 
perfectly safe allowance, especially when it is remembered that a greater 
pressure than this would cause the overthrow of nearly all the existing 
towers, chimneys, etc. 

(4) Wind pressure upon inclined surfaces, — The pressure upon an 
inclined surface may be obtained from the following formula, which was 
experimentally deduced by Button, viz : 

1.84 «t» a — 1 

P^ = P. sin a (A), 

P being the intensity of the wind pressure in lbs. per sq. ft. upon a 
surface perpendicular to the direction of blow, and 

F^ being the normal intensity upon a surface inclined at an angle a 
to the direction of blow. 

Let P^j P^y be the components of P^, parallel and perpendicular , 
respectively, to the direction of blow. 

••• Pa == P,. sin a, and P, =» P, cos a. 
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Hence, if the inclined snrfaoe is a roof, and if the wind blows hori- 
zontally, a is the roofs pitch. 

Again, let v be the velocity of a fluid current in ft, per second, and 
be that due to a head of h-ft. 

Let w be the weight of the fluid in lbs. per cubic fb. 

Let^ be the pressure of the current in lbs. per sq. ft. upon a surface 
perpendicular to its direction. 

If the fluid, after striking the surface, is free to escape at right 
angles to its original direction. 

Hence, for ordinary atmospheric air, since w = .08 lbs., approximately, 

^ = -32-^ =(20) (^)' 

When the wind impinges upon a surface oblique to its direction, the 

intensity of the pressure is ( ] , v being the absolute impinging 

velocity, and fi being the angle between the direction of blow and the 
surface impinged upon. 

Tables prepared from formulae A and B are given at the end of the 
chapter. 

(5) Distribution of Loads, — Engineers have been accustomed to 
assume that the accidental load is uniformly distributed over the whole 
of the roof, and that it varies from 30 to 35-lbs. per sq. ft. of covered 
surface for short spans, and from 35 to 40-lbs. for spans of more than 
60-ft. But the wind may blow on one side only, and although its direc- 
tion is usually horizontal, it may occasionally be inclined at a consider- 
able angle, and be even normal to a roof of high pitch. It is therefore 
evident that the horizontal component (p^) of the normal pressure {p^ 
should not be neglected, and it may cause a complete reversal of stress in 
members of the truss, especiaUy if it is of the arched or braced type. 

In the following examples it is assumed that the wind blows on one 
side only, and that the total load is concentrated at the panel points (or 
points of support) of the principal rafters. 

Let w be the permanent load per sq. ft. of roof surface. 
j> Pn J) normal wind pressure per sq. ft. of roof surface. 
„ d „ distance in feet from centre to centre of principals. 
„ Zj and l^ be the lengths in ft. of two adjacent panels. 

The total permanent load at the panel point on the windward side 

li + k 



(2. 
2 
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The total accldentcbl load at the panel point on t^e windward side 

The total load at the corresponding panel point on the leeward side 

«« ^ ^» + ^« 
ssw, a. — 5 — 

To determine the total stresses in the various members of the truss, 
two methods may be pursued, viz. ; — 

(a). The normal pressure (p^) maybe resolved into its vertical (p^) 
and horizontal (p,^) components ; p^ may be combined with the perman- 
ent load and^A ^^t with independently ; the respective effects are to be 
added together. 

(hj. The permanent and accidental loads may be treated separately, 
and the respective effects added togetlier. 

If I is the length of a rafter, and if /?' is the reaction at the windward 

support due to the horizontal pressure of the wind, by taking moments 

about the leeward support, 

D, o 7 . • T J I. sin a ^ ldsm*a 
jff .2 , L cos a + »„. sm a. I, a, — ^ — = o, or ic = — p- — r-. . 

Hence, I^ is negative and acts downwards ; it must be less than the 
reaction at the same support due to the permanent load and the vertical 
wind pressure, or the roof will blow over. 

Ux, 1. — ^Method (a) applied to the roof truss represented in Fig. 33* 
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Fig. 34 is the staress diagram for the vertical load upon the roof. 

/>^ is l^e vertical reaction at B SB -^ (p,. co«a + 2.w). 

2^9P^}^9,pSj represent the stresses in the members to which they are 
respectively parallel, viz., the rafter AB, and the ties BD, DA, DE. 

Fig. 35 is the stress diagram for the load dne to the horizontal com- 
ponent of the wind pressure when there are no rollers under the heel of 
ei^ier of the rafters. 

The horizontal reaction at each heel may be assumed to be one-half 

of the total horizontal force of the wind, and equal tO' ' ' » tin a, 

»' q' is the dcmnward reaction at B^^^ . 

% cosa 

The stresses in the members AB, BD, DA, DE, are represented by 
the lines qVypVy r's', ^'«', to which they are respectively parallel, and 
are evidently reversed in kind. 
Thus the total resultant compression in AB'Bsqr - qVy 

the total resultant tension in BD»:pr-p'r\ in l)A^r%--T*%\ 
in DE^p8-p*9*. 
Fig. 36 is the stress diagram for the load due to the horizontal com- 
ponent of the wind pressure, when rollers are placed at B. 
The total horizontal reaction is now at (7, and equal to p^, Z. d. sin a. 

r ^f ' ^\. J J X- D Pn- Z- d 8%n^ a 

p t IS the dovmwa/rd reaction B = - — ;; — 

4 co«a 

f q* is the horizontal force of the wind at A 

q^ /, p* r', / «', p' «', are the stresses in AB^ BD, DA^ DE, respec- 
tively, and the resultant stresses in the different members are q r-^q* / 
pr-p' r', r «-r' «', and p «-p' «', as before. , 

Fig. 37 is the stress diagram for the load due to the horizontal com- 
ponent of the wind pressure, when rollers are placed at (7. 

The total horizontal reaction of the wind is now at B^ and equal to 

p^. L d. sin a, 

7/7 
The horizontal force of the wind at J? is ^\' . «tna, so that the re. 

sultant horizontal force at B is ^^^ * sin a = t' q*. 

p' t' is the downward reaction at jB •= -^^-^^ 

4k cosa 
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The resoltaDt stresses are obtained as above. 

The stress in DE equilibrates the stresses in DA^ BD, and also those 
in EA, EC, so that the stresses in DA, DB are respectively equal to those 
in EA, EC. 

The dotted lines in the diagrams represent the stresses in the mem- 
bers ACyEC, E A,to which they are respectively parallel. 

Ex. 2. — Method (a) applied to the roof truss represented in Fig. 38. 




Fig 39 is the stress diagram for the vertical load upon the roof. 

l.d 
2>q is the vertical reaction at jB = — . (2. p^. cos a + 3. t«). 

qo is the weight at -F - -^, (2 p„. co« a + 2. w). 

qVj 08, sr, pr, st, pt, represent the stresses in the members to which 

they are respectively parallel, viz., BF, FA, DF, DB, DA, DE. 

Fig. 40 is the stress diagram for the load due to the horizontal component 

of the wind pressure, when no rollers are placed either at B or C. 

, . . , _ , . ^ Pn*l'<i ^w^a 

p m IS the downward reaction at ^ = — j — "cosa' 

pn. I. d 
m'& is the resultant horizontal force at B == . %in a. 

^ 4 

The line through q' parallel to the rafter BA, passes through^', so 
that there is no stress in BD from the horizontal wind pressure. 
The stresses in the members BF, FA, DF, DA, DE, are represented 
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by the lines, g^V, «V, ^'«', «V, i>7', to whioli they are respectively 
parallel, and are evidently reversed in kind. 

Thus, the total resultant compression in BF ^qr- q'r'^ in FAxsos- 
%*n\ in DF = «r - < V, the total resultant tension in BD = ^w - o, in 
DA^st- %H\ in DE = pt-p't\ 
Fig 41 is the stress diagram for the load due to the horizontal compo- 
nent of the wind pressure when rollers are placed at B. 

p* m' is the vertical reaction at ^ = ?^^V • 

3 

m' q* is the resultant horizontal force at ^ - — j- i>n. l- d. sin a. 

The total resultant stresses in BF, FA, DF, DB, DA, DE, are, 
qr - qV, os - s'n', sr - s'r', pr - pV, «« - «'«', p« - p'^', respectively. 
The dotted lines in the diagrams represent the stresses in the members 
CG, GA, GE, EC, EA, to which they are respectively parallel. 

pq\ in Fig. 39, is the reaction at C==-^. (p„. co% a + 3. w). 

q'o'h the weight at G == y. l,d,w. 
Ex, 3. — Method (a) applied to the roof truss represented in Fig. 42. 




Fig. 43 is the stress diagram due to the vertical load upon the roof. 
pq is the vertical reaction at B 

■r-£!iL^.(3.BH ^ AH).d +!i.(4. BH+2.AH).d. 
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qm is the weight at -F = Pn-^'J^^^^ BE == the weight &tH^mn 

2 

Fig. 44 is the stress diagram due to the harizontal component of the 

wind pressure, when rollers are placed at B. 

p„. I, d m/n? a 

po' 18 the downward reaction at B == — z — . . 

•'^ ^ cos a 

oW is the horizontal force of the wind at B :.^Pn'd.sina ^^ 

2 
q'm' ==• m'n', is the horizontal force of the wind at -For H, and is equal 
to Pn'd.8ina ^jy 

2 
The total resultant stresses in the members BF, FH, HA, DF, DH, 
DB, DA, DE, are, qr - q'r', ms - m's', nt - n't', sr - «'r', st - s't', 
pr -p'r', tv - fv', pv-p'v', respectively. 
JSx. 4. — Method (a) applied to the roof truss represented in Fig. 45. 




Fig. 46 is the stress diagram due to the vertical load upon the roof. 

pq is the vertical reaction at J5 «= -^. (10. j^^. cos a -^ 14. w), 

qm zz mn z=: no, is the weight at 0, F, or Q, and is equal to 
I, d 

Ifpn, cosa ss w, the point o coincides with p. 
To avoid ambiguity it is generally assumed that the stresses in SO, 
HF, are equfi^l to those in LQ, LF, respectively. 
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Fig. 47 is the stress diagram due to ihe Horizontal component of the 
wind pressure, when rollers are placed at C, 

p' V is the downward reaction at i5 = ^^^—j — — 



cos a 



V q' is the resultant horizontal force at B == -^n p^. I, d, nn a. 



^ in! ^m' n' ^ n* o', is the horizontal force of the wind at 0, F, or 
§, and IS equal to^— ^ — . %%n a. 
Ex. 6. — Method (a) applied to the roof truss represented in Fig. 48. 




Fig. 49 is the stress diagram i^r the vertical load upon the roof. 
pq is the vertical reaction at i5 == -^. (7. p» co« a + 10. w). 

qm = mn = -^. (p„. cob a ^ w)^ is the weight at F or H. 

Fig. 50 is the stress diagram due to the horizontal component of the 
wind pressure wbeH rollers are placed at B. 

p' V IB the downward reaction at B =- ^'*' ' . . 

^ ■ 4k cos a 

-n 7/7 

P q' is the horizontal force of the wind at B =» ■ * ' - . sin a. 

Ex. 7. — Method (6) applie4 to the roof truss represented in Fig. 51. 

Assuming, the direction of the wind to be horizontal, the load at any 
joint of tihei bowBtrb[ig roof in Fig. 51 due to wind may be taken to be 
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the pressure upon a surface equal in area to the portion of the roof 
supported by one panel or bay, and inclined at the same angle to the 
horizontal as the tangent to the curve of the roof at the joint in question. 
Let R be the resultant of the load P,, P„ P3, F^, at the joints jB, d, e, 
/, and let it make an angle d with the horizontal. 
Fig. 52 is the stress diagram due to the normal wind pressure, when 
rollers are placed at C, 




The whole of the horizontal reaction (= R, cos ^) is at B, and is 

represented by mn. 

nt is the vertical reaction at B, 

t8, sr, rq, qp, represent the loads ^1, p^ p^, p^, respectively. 

sd\ rl' q2',p3', are the stresses in Bd, de, ef,/A " 

md% me', mf\ ma', « " ^1, 12, 23, 30 " 

d%e'2\fS\aW, " " dl,e2,/3,AO « 

The stress diagrams for the normal wind pressure when rollers are 

placed at B, and also for the permanent load, may be easily drawn as 

already indicated. 

(6). — Analyds, The results in the preceding examples may be easily. 

verified analytically. 

To determine, for example, the stresses in the members of the truss 

in Ex. 2 due to the vertical load. 

Let i? be tie vertical reaction at B =-~- > (2p^co9 a + 3. w), (1) 

" W " " weight sLtF = ~. (2 p„. co« a + 2. w). (2) 

" (7i, Ci, Ci, be the compressive stresses in BF, FA, DF, respectively. 
" r„ 2;, T^, " " tensile « " DB, DA, BE " " 

" the angle ABB « /9 « die angle BAB ; .•. ABE = a + /8. 



Digitized by LjOOQ IC 



* BXAMPLES. 31 

Resolve the forces at B perpendicular to the rafter, 

.' . R cos a =z Ty. sin fi. (3) 

Besolve the forces at B perpendicular to the tie DjB, 

,' , R, cos a - fi =. Ci. sin fi (4) 

Resolve the forces at F parallel to the rafter, 

r.Ci-W,sina-C^ (5) 

Resolve the forces at F perpendicular to the rafter, 

.\W.cosa=Ct (6) 

Resolve the forces at D perpendicular to the tie BE, 
••• T^, sin a " fi -^ C^. cos a =^ T^, sin a + ^ 

« R. i?i^. sin ^^fi+ C3. cos a. by (3) 1 (7) 

sm fi • ^ \ y j 

Resolve the forces at D perpendicular to the tie DA, 

••• T^. sin2 fi — Cg. cos fi == T^, sin a + fi 

= 2. R. cos a.cosfi- Cj. cos fi, by (3) (8) 

From these equations, C,, C,, Cg, T^ T^j T^, maybe found in terms 
of j?„ and w. 

The value of T^ may be verified by considering a section of the roof 
made by a plane a little on one side of A, 

Let h be the distance of BE from A ; take moments about A. 

••• To. h=i R.L cos a — W, -. cos a 



^ I sin a + fi „^ ^ I 

or r,. 7i. -— =ic. I. cos a — W. ^. cos a 

' 2 co«i8 2 

. • . T^.sin (a + /8) = 2.R. cosa. cos fi-W. cos a. cos fi, which agrees 

with 8, for C3 = W, cos a by (6) 
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TABLES. 



WEIGHTS OF VARIOUS BOOF FBAMINGS. 



Description of Boof . 


Location. 


Cover- 
ing. 


Span. 


Width 

of 
Bays. 


Weight In Ibi 
per sq. ft. of 
covered area 


Pitch. 


Fram- 
ing. 


Cover- 
ing. 


Pent 

Common Truss 

do 

do 

do 

Common Truss 

do 

do 
^^^^■g Timber 
^H^Hfraf ters and 
mistru^lron 

ao ** 
do « 
do ** 

■1 

Common Truss 
do 
do 
Bowstring 
do 
do 
Arched 
do 
do 
do 
do 
do 
do 
do 






16'.0^ 
37'.o-' 
40'.0" 
60'. O*' 

63'. 3" 

64'. 0'' 
66'. 0" 
72'. 0" 

62'. 0*' 

76'. 0" 
79'. 0" 
80'.8-' 

90'. 2* 

84'. 0* 
lOO'.O* 
130'.0'' 
60'. 0" 
164'.0^ 
2ll'.0' 
97'. 0" 
153'.0' 
41'. 0* 
81'.6*' 
120'.0' 
72'. 0* 
240'.0* 
45'.0^ 


6'.0* 
12'.0'' 
lO'.O^ 

11'. 0" 

14'.0* 

6'.6-' 

20'. 0^ 

12'. 0" 

26'. 0^ 
13'.0" 
11'.8*' 

20'. 0^ 

9'.0«' 
14'. O'' 
26'. 0^ 
11'. 0* 
26'. O' 
24'. 0" 
13'. 0* 
26'. O' 
16'. 0" 
24'. 0^ 

29'.4*' 
14'. 6*' 


3.6 
4.6 
6.6 
3.0 

2.086 

9.6 

11.6 

7.0 

3.013 

2.6 
3.86 
4.72 


6.00 

5.66 

7.72 
6.42 
12.1 


30«» 

30** 

30<^ 

30*» 

26°.34' 














Liverpool 
Docks 


Felt 










Liverpool 
Docks 

do 
do 
do 

do 


Zinc 

Zinc 
Zinc 
Slates 


13.6 


«.5 

7.0 

6.4 

9.6 

4.9 

11.0 

12.0 

15.0 

10.7 

16.8 

11.8 

11.8 

24.6 

11.6 












Manchester.. 
Lime Street.. 
Birmingham. 
Strasburg. .. 




Paris 




Dublin 




Derby 




Sydenham... 

do 
St. Pancras. 
Cremorne.,.. 
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WEIGHTS OF VARIOUS ROOF COVERINGS IN LBS. PEJl SQ. FT. 



Thatch 6.5 

Felt, asphalted 3 to .4 

Tin 7 to 1.25 

Sheetlead 5 to 8 

Sheet zinc 1.25 to 2.0 

Copper 8 to 1.25 

Sheet iron, (1-16 in. 

thick) 3.0 

Sheet iron, (corrugated) 3.4 

Cast-iron plates, (f-in. 

thick) 15.0 

Sheet iron, (16 W.G.), 

and laths 6.0 



Corrugated iron and 

laths 5.5 

Slates, (ordinary) 5 to 9 

Slates, (large) 9 to 11 

Tiles 7 to 20 

Pantiles 6 to 10 

Slates and iron laths. ... 10.0 

Boarding, (f-in. thick) 2.5 
Boarding and sheet 

iron, (20 W. G.) 6.5 

Timhering of tiled and 
slated roofs, addi- 
tional 5.5 to 6.5 



Table of the values of jP„, P^, Ph, in lbs. per sq. ft. of surface, when 
P=40, as determined by the formula Pn=^P. sin a*-**»6»a-i 



Pitch of roof. 


P. 


Pv 


Ph 


5°. 


6.0 


4.9 


A 


10" 


9.7 


9.6 


1.7 


2Q0 


18.1 


17.0 


6.2 


30' 


26.4 


22.8 


13.2 


40" 


33.3 


25.5 


21.4 


50" 


38.1 


24.5 


29.2 


60" 


40.0 


20.0 


34.0 


70» 


41.0 


14.0 


38.6 


SO" 


40.4 


7.0 


39.8 


go" 


40.0 


0.0 


40.0 



Table prepared from the formula, p = ( ^ j . 



VelociUesinfBet 


Velocities iu miles 


Pressure In lbs. par 


per eecond. 


per hour. 


sq.ft. 


10 


6.8 


.25 


20 


13.6 


1.00 


40 


27.2 


4.00 


60 


40.8 


9.00 


70 


47.6 


12.25 


80 


54.4 


16.00 


90 


61.2 


20.25 


100 


68.0 


25.00 


110 


74.8 


30.25 


120 


81.6 


36.00 


130 


88.4 


42.26 


150 


102.0 


56.25 
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(1). If the pole of a funicular polygon describe a straight line, shew 
that the corresponding sides of suocessive fonicular polygons with respect 
to successive positions of the pole will intersect in a straight line which 
is parallel to the locus of the pole. 

(2) . A system of heavy bars, freely articulated, is suspended from two 
fixed points ; determine the magnitudes and directions of the stresses at 
the joints. If the bars are all of equal weight and length, shew that the 
tangents of the angles which successive bars make with the horizontal 
are in arithmetic progression. 

(3). If an even number of bars of 6(}ual length and weight rest in 

equilibrium in the form of an arch, andif a„ a^,.,a^, be the respective 

angles of inclination to the horizon of the Ist, 2nd, n** barscount- 

2 «. + 1 
ing from the top, shew that tan a^x » .. tan a^ 

2 fi — 1 

(4). Four bars of equal weight and length, freely articulated at the 
extremities, form a square ABCD, The system rests in a vertical plane, 
the joint A being fixed, and the form of the square is preserved by 
means of a horizontal string connecting the joints ^ and I), If IT be 
the weight of each bar, shew (a) .-that the stress at C is horizontal and 

=-0", (6) .-that the stress on jBCat B is F.-^ and makes with the 

vertical an angle ton"*— , (c).-that the stress on AB at B is 

VT§ 3 

W. — #-and makes with the vertical an angle tan'^-^, (rf). -that the 

stress upon AB at ^ is .-—. IT, («).-that the tension of the string is 2. W 
2 

(5). Five bars of equal length and weight, freely articulated at the 
extremities, form a regular pentagon ABCDE, The system rests in a 
vertical plane, the bar CD being fixed in a horizontal position, and the 
form of the pentagon being preserved by means of a string connecting 
the joints B and E, If the weight of each bar be W, shew that the 

W 
tension of the string is ~^,{tan 54* -f 3. tojn, 18^), and find the magni- 
2 

tudes and directions of the stresses at the joints. 

(6). Six bars of equal length and weight ( ^ IT), fr'eely articulated at 
the extremities, form a regular hexagon. 

First, if the system hang in a vertical plane, the bar AB bding fixed 
in a horizontal position, and the form of the hexagon being preserved 
by means of a string connecting the middle points of AB and DEy shew 

that, (a).-the tension of the string is ZW, (6) .-the stress a* C' is 2—75 
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and horizontal, (c).-tlie stress ati> is TT-V]? and makes with the vertical 
an angle tanr^ 2V3. 

Second, if the system rest in a vertical plane, the bar DE being fixed 
in a horizontal position, and the form of the hexagon being preserved bj 
means of a string connecting the joints C and F, shew that, (a). -die 

tension of the string is W. Vs, (6).-the stress at C is }r.%/?i and makes 

^, (c).-the stress at jBis TT.^/l. and makes 

V__ V 12 

?^ 

Third, if the system hang in a vertical plane, the joint A being fixed, 
and the form of the hexagon being preserved by means of strings 
connecting A with the joints JE, D, and C, shew that, (a^.-the tension of 
each of the strings AE and AC is W, Va", (6).-the tension of the string 
AD is 2 W, and determine the magnitudes and directions of the stresses 
at the joints, assuming that the strings are connected with pins distinct 
from the bars. 

(7). Shew that the stresses at C and F in the first case of Ex. 6 
remain horizontal when the bars AF, FE, BC, CD, are replaced by any 
others which are all equally inclined to the horizon. 

(8). An ordinary jib-crane (Fig. 7, Chap. I) is required to lift a 
weight of 10-tons at a horizontal distance of 6-ft. from the axis of the 
post. The post is a hollow cast-iron cylinder of 10-ins. external diar. ; 
find its thickness, assuming the safe tensile and compressive stress to be 
3-tons per sq. in. 

The hanging part of the chain is in four falls ; the jib is 15-fb. long, 
and the top of the post is 12-fb. above ground ; find the stresses in the 
jib and tie when the chain passes (1). -along the jib, (2) .-along the tie. 

The post turns round a vertical axis ; find the direction and magni- 
tude of the pressure at the toe, which is 3 ft. below ground. 

^9). If the post in the preceding question were replaced by a solid 
cylindrical wrought-iron post, what should its diar. be ; the safe inch- 
stress being 3 tons as before ? 

(10). The horizontal traces of the two back-stays of a derrick-crane 
areas and y ft. in length, and the angle between diem is a ; shew that 

the stress in the post is a maximum when — = » being the 

angle between the trace x and the plane of the jib and tie. 

(11). The Fig. represents a crane emplc^ed in the construction of the 
staging for the Holyhead break-water. Its I 
principal members are two wrought-iron I 
rod9 ABC, supported at B upon two timber I 
uprights BD, and connected at A and C with | 
two timber longitudinals ADE. The crane rests upon a truck, and the 
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centre of pressure is maintained at D by means of a movable balance- 
box between D and E. The crane is required to lift a weight of 2-tons, 
determine the stresses in the different members. (Data: — AE==Q4i 
ft., AD = 39'ft,, i>C= 22-ft., BI) = S'h.y vertical distance between A 
and^=7Jft.) 

Point out a method by which the members may be effectively braced 
together. 

(12}. The inner flange of a bent crane, (Fig. 10, chap. I), forms a 
quadrant of a circle of 20-ft. radius, and is divided into four equal bays. 
The outer flange forms the segment of a circle of 23-ft. radius. The 
two flanges are 5-ft. apart at the foot, and are struck from centres in 
the same horizontal line. The bracing consists of a series of isosceles 
triangles, of which the bases are the equal bays of the inner flange. The 
crane is required to lift a weight of 10-tons, determine the stresses in 
all the members. 

(13). A braced semi-arch is 10-ft. deep at the wall and projects 40-ft. 
The upper flange is horizontal, is divided into four equal bays and 
carries a uniformly distributed load of 40-tons. The lower flange forms 
the segment of a circle of 104-ft. radius. The bracing consists of a 
series of isosceles triangles of which the bases are the equal bays of the 
upper flange. Determine the stresses in all the members. 

(14) . Three bars, freely articulated, form an equilateral triangle 
ABC, The system rests in a vertical plane upon supports at B and C 
in the same horizontal line, and a weight W is suspended from Ay 
determine the stress in BC, neglecting the weight of the bars. 

(15). Three bars, freely articulated, form a triangle ABGj and the 
system is kept in equilibrium by three forces acting on the joints, deter- 
mine the stress in each bar. 

What relation holds between the stresses when the lines of action of 
the forces meet, (a). -in the centroid, (6) .-in the orthocentre of the 
triangle ? 

(16). A triangular truss of white pine consists of two equal rafters AB^ 
AC, and a tie-beam BC ; the span of the truss is 30-ft. and its rise is 
7^ft. ; the uniformly distributed load upon each rafter is 8400-lbs., and 
a weight of 10,000 lbs. is suspended from the centre of the tie-beam ; 
determine the dimensions of the rafters and tie-beam, assuming the safe 
tensile and compressive inch stresses to be 3300 and 2700-lbs., respec- 
tively. 

(17). The beam AB is sup- 
ported at B and strengthened 
by a tie or strut CD ; a 
weight W is suspended from 
A ; shew how to determine 
the dimensions of the beam 
and brace. 
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(18). A triangular truss consists of two equal rafters AB, AC, and 
a tie-beam BC, all of white pine ; the centre D of the tie-beam is 
supported from J. by a wrought-iron rod AD ; the uniformly distributed 
load upon each rafter is 8400-lbs. and upon the tie-beam is 36,000-lbs ; 
determine the dimensions of the different members, BG being 40-ft. and 
AD 20-ft. 

What will be the effect upon the several members if the centre of the 
tie-beam be supported upon a wall, and if for the rod a post be substituted 
against which tlie heads of the rafters can rest ? 

(19). A triangular truss of white pine consists of a rafter AG^ a 
vertical post AB^ and a horizontal tie-beam AG ; the load upon the 
rafter is 300-lbs. per lineal ft. ; AG == 30-ft., AB == 6-ft. ; find the 
resultant pressure at C. 

How much strength will be gained if the centre of the rafter be 
supported by a strut from B ? 

(20). The rafters of a roof are 20-ft. long, and inclined to the vertical 
at 60** ; the feet of the rafters are tied by two rods which meet under 
the vertex and are tied to it by a rod 5-ft. long ; the roof is loaded with 
a weight of 3500-lbs. at the vertex, determine the stresses in all the 
members. 

(21). The feet of the equal roof rafters AB, AG, are tied by rods BD, 
GD, which meet under the vertex and are joined to it by a rod AD. 
If W and W are the distributed loads in lbs. upon the rafters, and if 
« is the span of the roof in ft., shew that the weight of metal in the ties 

in lbs. is ^. ^ . ». cot ^, / being the safe inch-stress in lbs., and /s 

the angle ABD. 

(22). The rafters AB, AG, in the Fig. are 20.ft. 
long, and are supported at the centres by the struts] 
DE, DF ; the centre D of the tie-beam BG is sup- 1 
ported by a tie-rod AD, 1 0-ft. long ; the uniformly i 
distributed load upon AB isSOOO-lbs., and upon AC\ 
is 2400-lbs. ; determine the stresses in all the members. 

What will be the effect upon the several members if AB be subjected 
to a horizontal pressure of 156-lbs. per lineal ft. ? 

(23). Determine the dimensions of all the members of the truss in 
the preceding question, assuming the tie-beam to be also loaded with 
a weight of 1200-lbs. per lineal ft. 

(24). A roof truss consists of two equal rafters inclined at 60° to the 
vertical, of a horizontal tie-beam of length Z, of a collar-beam of length 

^, and of a queen-post at each end of the collar-beam ; the truss is loaded 

with a weight of 2600-lbs. at the vertex, a weight of 4000-lbs. at one 
collar-beam joint, a weight of 1200-lbs. at the other, and a weight of 
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13,500-lb8. at the foot of each queen; detennine the stresB in each 
member. 

(25). The platform of a bridge for a clear gpan of I 
60-ft. is carried by two timber trusses 15-ft. deep,f 
and of the form shewn in the Fig. ; the load upon the] 
bridge is 50-lbs. per sq. ft. of platform, which is 12- 
ft. wide ; what should be the dimensions of the <ii2 
assuming the working stress to be 400-lbs. per sq. in. ? 

If a single load of 6000-lbs. pass over the bridge, and if its effect be 
equally divided between the trusses, find the greatest stress produced in 
the diagonals AA, BB, 

(26). A frame is composed of a horizontal top beam 40-ft. long, 
two vertical struts 3-ft. long, and three tie-rods of which the middle one 
is horizontal and 15-ft. long ; find the greatest stress produced in the 
several members when a single load of 12,000-lbs. pas ses over the truss. 

(27). The truss represented by the Fig. is composed I 
of two equal rafters, AB, AG, four equal tie-rods AD, I 
BD, AE, CE, and the horizontal tie DE. 

If IT be the distributed load upon AB, W thatL 

upon AG, 8 the span, fi the angle ABB, and /the safe inch-stress in the 

5 W-^ W 
metal, shew that the total weight of the tie-rods is ^. ? — • <• co* ^• 

(28). If the rafters in the preceding Question are inclined to the 
horizontal at an angle a, and if the tension on BD or EG is equal 
to that on DE, shew that fi s- a, (i. «., D and E must fall in the hori- 
zontal line BG)y or ^ = 60" - 1. 

Determine the stress in ^Z> corresponding to the latter value of ^. 

(29). The trusses for a roof of the same type as that in Question 27 
are 12-ft. centre to centre, the span is 40-ft., the horizontal tie is 16-ft. 
long, the rafters are inclined at 60® to the vertical, the dead weight of the 
roof including snow, is estimated at 10-lbs. per sq. ft. of roof surface, 
there are no rollers either at B or G; determine the stress in each mem- 
ber when a wind blows horizontally on one side with a force of 40-lb8. 
per sq. ft. of vertical surface. 

(30). The accompanying truss is similar to that I 
in question 27 with the addition of the strute JDF, I 
EG. 

(a). — ^With the same data as in question 27 shew] 

that the weight of the metal m the tie rods is -• -> ^^ , 

° Q /• tin fi. C08 fi ' 

W 
and is a minimum when tait? fi^2^ ^. 
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(h). If there are no jollm either at B or at C, and if a wind blows 
horizontally upon AB, shew that the horizontal component of its pres- 
sure upon AB produces no stress in the rod BD. 

(c). In a given roof, the rafters are of pitch-pine, the tie rods of 
wrought-ircm, the span is ttO-ft., the trusses are 12-ft. centre to centre, 
DF == 6-ft == EG, the angle ABC = 30^ the dead weight of the root, 
including snow, is O-lbs. per sq. ft. of roof surface, rollers are placed at 
C, a single weight of SOOO-lbs. is suspended from F, and the roof is also 
designed to resist a normal wind pressure of 26.4-lb8. per sq. ft. ot root 
surface on one side; determine the dimensions of the several members. 

(31). The accompanying truss is similar to that! 
in Question 27 with the addition of the /our equal 
struts DF, DH, EG, EK. I 

(a). — ^With the same data as in question 27 show | 
that ^e weight of the metal in the tie-rods is 

18 /' COB fi, sin fi 

(h). — In a truss of this type adopted for the roof of a shed at Birk- 
enhead, the rafters are of pitch pine, are rectangular in section, have a 
constant breadth of G^-ins., and a depth which gradually diminishes from 
13-ins. at the heel to 9^ins. at the peak ; the struts, of which DF and 
EG are vertical, are also of pitch pine, are rectangular in section, and 
have a scantling of S^ins. by 6^ins. ; the tie-rods are of wrought-iron 
and AD^BD^ AE^ CE --= 23-.ft. ; BD and EC are round 2 i^-in. 
bars, AD and AE are round IJ-in. bars, DE is a round l|-in. bar ; 
the angle ABC == 30° ; the span == 79-ft. ; the trusses are 13-ft. centre 
to centre ; the heel B is free to slide on a smooth wall-plate ; the dead 
weight of the roof, including snow, is 8-lbs. per sq. ft. of roof surface; 
determine the stress per unit of area to which each member is subjected 
when the wind blows horizontally with a force of 40-lbs. per sq. ft. of 
vertical surface, (1 —upon the side AB, (2)— upon the side-4C. 

(32). The Fig. represents the form of truss recent- 1 
ly adopted for the roof of a shed at Liverpool. The I 
rafters are of pitch pine, are rectangular in section,! 
have a depth of 14-ins., a breadth of 8-ins., are! 
indined at 60° to the vertical, and are each supported 
at 6 equidistant points ; the six struts are also of pitch pine and rectan 
gular m section ; i>i^ and EG are each 10-ft. 6-ins. long, and have a 
scantling of 12-ins. by 8-ins. ; the remaining four struts have a scant- 
lings of 8-ins. by 8-ins.; the tie-rods are of wrought-iron; BN and 
CO are round 2|-in. bars, ND and OE are round 2i-in. bars» DP 
and EQ are round Ifin. bars, PA and QA are round 2^-in. bars, 
FN,FP, GQ, and GO are round IJ-in. bars, 2>i7 is a round If-m. 
bar ; the trusses are 20-ft. centre to centre, and the weight of a bay of 
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the roof is 24,41 6-lbs ; the span is 90 fl.4-ins. ; the heel B is free to 
slide upon a smooth wall-plate ; determine the stress per unit of area in 
each member when the wind produces a normal pressure of 2H.4-lbs. 
persq. ft. of roof surface, (l)-upon the side AB, (2)-upon the side AC, 

(33). Make an alternative design for the truss in the preceding 
question, using iron instead of timber for the rafters and struts. 

(34). The trusses for a roof are to be 25-ft. centre I 
to centre, and of the type represented by the Fig. ; the I 
span ^C==100-ft., the angle .4jB(7==30o, a single 
weight of 1000-lbs. is to be suspended from H^ and one I 
of 2000-lbs. from G^ rollers are placed at (7, the roof is I 
to be designed to resist a horizontal wind pressure on one side of 40-lbs. 
per sq. ft. of vertical surface, the ties are to be of wrought-iron, the 
rafters and struts of timber or wrought-iron ; determine the dimensions 
of the different members. 

(35). The domed roof of a ga 
holder for a clear span of 80 ft. is I 
strengthened by secondary and primary I 

trussing as in the Fig. The points B \ 

and C are connected by the tie BPG passing beneath the central strut 
AP, which is 1 5 ft. long, and is also common to all the primary trusses ; 
the rise of A above the horizontal is 5ft.; the secondary truss ABEF^ 
consists of the equal bays AH, EG, GB, the ties BE, EF, FA, of which 
BE is horizontal and the struts GE, FH, which are each 2 ft. 6 in. 
long, and are parallel to the radiup to the centre of GH\ the secondary 
truss ACLKis similar to ABEF; when the holder is empty the weight 
supported by the truss is 36,000-lb3., which may be asumed to be con- 
centrated at G, H, A, M, N, in the proportions, 8000, 4000, 1000, 4000 
and 8000-lbs., respectively ; determine the stresses in the different mem- 
bers of the truss. 

Should the braces HE and ML be introduced ? Why ? 

(36). Design the bowstring principals for the following roofs — 

(a). Span ■= 50-ft., risCa-lO-ft., depth of truss at centre =a 5-ft., 
distance between principals a= 11 -ft. 

(h). Span == 150-ft., rise =^ 30-ft., depth of truss at centre « 12-ft., 
distance between principals -= 20-ft. 

(c). Span == 200-ft., rise =:=40.ft , depth of truss at centre « 20-ft., 
distance between principals == 20-ft. 

(d). Span « 100-ft., rise==25-ft. 

(37). — ^A funicular polygon is drawn for a series of parallel loads at 
given distances; shew that, (a) .-by properly drawing the closing line of 
the polygon a bending moment curve is obtained which corresponds to 
any position of the series of loads on any given beam, (6).h30 long as 
the closing line lies on the same two polygon sides, its positions for any 
given beam form the envelope of a parabola, (c).-the centre of the 
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beam corresponding to a given closing line bisects the distance between 
the verticals through the intersection of the polygon sides and the point 
where the closing line touches the parabola. 

(38). Vertical loads of 4, 3, 7 and 2-tons are concentrated upon a hori- 
zontal beam of 20-ft. span at distances of 3, 7, 12, and 15-ft., respectively, 
from the left support ; prove generally that the Vertical ordinate inter- 
cepted between a point on the corresponding funicular polygon and a clos- 
ing line whose horizontal projection is the span of the beam, represents on 
a certain determined scale the bending moment of a section at the point ; 
find its value by scale measurement for a section at 9- ft. from the left 
support, using tiie following scales :-for lengths^ J-inchr 1-foot ; for forces, 
^inch == 1-ton ; the polar distance == 5 tons. 

Determine graphically by means of the same diagram the greatest bend- 
ing moment that can be produced on the same section by the same series 
of loads travelling over the span at the stated distances apart. 

(39). The inclined bars of the trapezoidal truss repre- 
sented by the Fig. make angles of 45° with the horizontal ; a 
load of 10 tons is applied at the top joint of the left rafter in 
a direction of 45** with the vertical ; draw a frame diagram I 
and determine graphically the two reactions, assuming the I 
one at the right to be vertical ; also, by means of a recipro- 
cal figure, find the stresses in all the pieces of the frame. 

Explain in what manner the right hand reaction may be made approx- 
imately vertical. 
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CHAPTER III. 
Bbidoes. 

(1). — Clasgifieation, — Bridges may be divided into three general 
classes, viz. ; (1). — ^Bridges with horizontal girders, (2). — Suspension 
bridges, (3).— Arched bridges. 

The present chapter will treat of bridges of the 1st class only. In 
these the platform is supported by two or more main girders resting upon 
two or more supports, and exerting thereon pressures which are vertical 
or very nearly so. 

The neutral line (or surface) divides the girders into two parts, of 
which one is stretched and the other compressed. 

(2). — Comparative advantages of cwrved a/nd horizontal flanges."^ 
Little, if any, advantage is gained by varying the depth of a girder, and 
the practice is open to many grave objections. The curved or parabolic 
form is not weU suited to plate construction, and a diminution in depth 
lessens the resistance of the girder to distortion. Again, if the bottom 
flange is curved, the bracing for the lower part of the girder is restricted 
within narrow limits, and the girder itself must be independent, so that 
in a bridge of several spans any advantage which might be derivable from 
continuity is necessarily lost. 

The depth is sometimes varied for the sake of appearance, but, gene- 
rally speaking, the best and most economical form of girder is that in 
which the depth is uniform throughout, and in which the necessary 
thickness of flange at any point is obtained by increasing the number of 
plates. 

(3). — Depth of girder, or truss. — The depth may vary from j*yth to 
4th of the span, and even more, the tendency at present being to approx- 
imate to the higher limit. If the depth fall below j'^th of the span, 
the deflection of the girder becomes a serious consideration. 

The depth should not be more than about 1^ times the width of the 
bridge, and is therefore limited to 24-ft. for a single and to 40-fi. for a 
double track bridge. 

(4). — Position of platform. — The platform may be supported either 
at the top or bottom flanges, or in some intermediate position. It is 
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claimed in favour of the last that the main girders may be braced to- 
gether below the platform (Fig. 1), while the upper portions serve as 
parapets or goar^, «Bd ako that the vibration communicated hj sk 
passing train is diminished. The position, however, is not conducive to' 
rigidity, and a large amount of metal is required to form the connections. 




The method of supporting the platform by the top flanges, (Fig. 2), 
renders the whole depth of the girder available for bracing, and is best 
adapted to girders of shallow depth. Heavy cross girders may be 
entirely dispensed with in the case of a single track bridge, and the load 
most effectively distributed, by laying the rails directly upon the flanges 
and vertically above the neutral line. Provision may be made for side 
spaces by employing sufficiently long croschgirders, or by means of short 
cantilevers fixed to the flanges, the advantage of the former arrangement 
being that it increases the resistance to lateral flexure, and gives the 
platform more elasticity. 

Figs. 3, 4, 5, shew the cross girders attached to the bottom flanges, 
and the desirability of this mode of support increases with the depth of 
the main girders, of which the centres of gravity i^ould be as low as pos- 
sible. If the cross-girders are suspended by hangers or bolts below the 
flanges, (Fig. 5), the depth, and therefore the resistance to flexure, is 
increased. 

In order to stiffen the main girders, braces and verticals, consisting of 
angle or tee-iron, are introduced and connected with the cross-girders by 
gusset-pieces, etc. ; also, for the same purpose, the cross-girders may be 
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prolonged on each side and the end joined to the top flanges by suitable 
bars. 



When the depth of the main girders is more than about 5-ft., the top 
flanges should be braced together. But the minimum clear head-way 
over the rails is 16-fl., so that some other method should be adopted for 
the support of the platform, when the depth of the main girders is more 
than 5-ft. and less than 16-ft. 

Assume that the depth of the platform below the flanges is 2-fl., and 
that the depth of the transverse bracing at the top is 1-ft. ; the total 
limiting depths are 7-ft, andl9-fb., and if\ is taken as a mean ratio of 
the depth to the span, the corresponding limiting spans are 56-ft. and 
152-ft. 

(5). — Comparative advantages of two, three and four vnain girders, 
— ^A bridge is generally constructed with two main girders, but if it is 
crossed by a double track a third is occasionally added, and sometimes 
each track is carried by two independent girders. 

The two-girder system, however, is to be preferred, as the rails, by 
such an arrangement, may be continued over the bridge without devia- 
tion at the approaches, and a large amount of material is economized, even 
taking into consideration the increased weight of long cross-girders. 

The employment of four independent girders possesses the one great 
advantage of facilitating the maintenance of the bridge, as one-half may 
be closed for repairs without interrupting the traffic. On the other hand, 
the rails at the approaches must deviate from the main lines in order to 
enter the bridge, the width of the bridge is much increased, and far more 
material is required in its construction. 
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Few, if any, reasons can be urged in favour of the introduction of 
a third intermediate girder, since it presents all the objectionable features 
of the last system without any corresponding recommendation. 

(6). — Bridge loads. — ^In order to determine the stresses in the 
different members of a bridge truss, or main girder, it is necessary 
to ascertain the amount and character of the load to which the bridge 
may be subjected. The load is partly dead, partly live^ and depends 
upon the type of truss, the span, the number of tracks, and a variety of 
other conditions. 

The dead load increases with the span, and embraces the weight of 
the main girders (or trusses), cross-girders, platform, rails, ballast, and 
accumulations of snow. 

A table at the end of the chapter gives the dead load which may be 
adopted as a first approximation in calculating the strength and 
designing the parts of a bridge. 

(7), —Live had. — The live load due to a passing train is by no 
means uniformly distributed, but consists of a number of different 
weights concentrated at definite points. This variable distribution is of 
little importance for spans of more than 100-ft., as the ratio of the dead 
to the live load then becomes very large, but it is of vital moment when 
the span is short. 

The extreme weight of a locomotive upon its three drivers, with a 
wheel-base rarely exceeding 12-ft., varies from 72,000 to 84,000-lbs., 
and the maximum weight upon one pair of drivers may be taken at 
30,000-lbs. 

Thus, 30,000-lbs. may be concentrated at the centre of spans of 12-fib. 
and under. This is equivalent to 60,000-lbs., uniformly distributed, i.e., 
to 12,000-lbs. for a 5-ft. span, and to 6000-lbs for a 10-ft. span, per 
lineal ft. 

If the locomotive is placed centrally upon spans of 15, 20, 25, and 
30-ft., and if it is assumed that its weight ( = 84,000-lbs.) is equally 
distributed between the drivers, the bending moments at the centre are, 
147,000, 252,000, 357,000, and 462,000 ft.-lbs., respectively. The 

g 
equivalent uniformly distributed loads per lineal ft. are, 147,000 X y^ 

(=«5226f lbs.), 252,000 x ^^ (== 5040-lbs.), 357,000 x ^^( = 4569} 
lbs.), and 462,000 x ^ (== 4106f.lbs.) 
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Two locomotiyes at the head of a train will oover a span of 60-ft., and 
the load is practically uniform, or 2800-lbs. per lineal ft 

Two locomotives and tenders will cover a span of 100-ft., and impose 
a practically uniform load of 27501bs per lineal ft. 

The 'coupling of more than two locomotives is sometimes necessary 
upon snow-roads, but rarely occurs elsewhere, and the case should not be 
included in a general rule for bridge design. It is a common practice, 
however, of the English Board of Trade, to prove a bridge by covering 
each track with as many locomotives and tenders as possible^ and mea- 
suring the resulting deflection — an unreasonably severe proof for spans 
of more than lOU-ft. 

The weight of the heaviest train, exclusive of the engine, may be taken 
at 2250-lbs. per lineal ft. When a train crosses a bridge the consequent 
strains are far more intense than if the train were at rest, and in France 
the government regulations require a bridge to be proved under a moving 
as well as under a dead load. This additional intensity rapidly dimin- 
ishes as the span increases, and may be disregarded for spans of more 
than 75-ft. 

For spans of less than 75-ft. the live load may be reduced to an equi- 
valent dead load by adding to the former certain arbitrary percentages, 
which may be taken at 10 for 75-ft., 20 for 60-ft., 30 for 50-ft., 40 for 
40-ft., 50 for 30.ft., 60 for 20-ft., and 70 for lO-ft. 

For spans of more t^an 75-ft. the total load == dead load + live load. 
Provision may be made against accidents ftom high winds by the intro- 
duction of lateral bracing sufficiently strong to withstand a pressure of 
40-lbs. per sq. ft. of truss and train. 

Tables at the end of the chapter give the uniformly distributed live 
loads upon railway and highway bridges of different spans. 

(8). — Chord and web stresses, — It may be assumed that the load upon 
a bridge is concentrated at the panel points of the main trusses. 

The stresses produced in the chords (flanges) by the passage of 
^ train are to be calculated on the basis of a uniformly distributed load. 
In determining the strength of the web members allowance may 
be made for the irregularity in the distribution of the live load by sub- 
stituting for the nearest standard panel weight a weight equal in amount 
to that upon an independent span of the same length as a panel. 

(9). — Bearing, Friction (also caUed expansion and bearing) rollers, 
^Ic, — The area of the bearing surface at the supports (abutments) must 
be sufficient to prevent any undue crushing. The length of the bearing 
for a cast-iron girder is often made one-fifteenth of its central depth. 
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BEABING, FBICTION ROLLERS. 

tn order to provide for the loDgitadinal contraction and expansion of a 
girder from ohanges of temperature, a smoolih metallic fdiding surface 
(bed-plate) is placed under one end, and, if the span is more ihan 60-ft., 
friction rollers are interposed between the girder and plate. The crush- 
ing strength of a cylindrical roller is proportional to the product of 
its length and diameter, and that of a sphere to the square of its diameter, 
wliile the relative strengths of a cube, the inscribed cylinder upon its base, 
the inscribed cylinder upon its side, and the inscribed sphere, are 
as, 100, 80, 32, 26. It is not desirable to subject cast-iron rollers to 
a greater pressure than that of 4000 to 60004b8. per lineal inch, or 
340-lbe. per sq. in. of diametral section, and in practice, when there are 
several rollers, the working pressure should not exceed 186-lbs. per sq. in. 
of diametral section, as an allowance must be made for a variation in 
the position of the centre of pressure at the bearing, owing to the 
impossibility of loading the rollers equaUy. 

The elastic strength of the roUers should remain unimpaired, and 
therefore the bed-plates should be fixed with the utmost care. Imper- 
fect fixing cannot be remedied by increasing the number of tihe rollers. 

It is uncertain whether cast-iron bed-plates continue long in working 
order, and hard- wood wall -plates are often substituted for them in spans 
ofeven 150-ft. 

Let TT be the totoZ weight upon a bridge truss in lbs. 
^^ B *' breadth of the bearing at the roller end in inches. 
" L " length " " " " " " 



2 X 185 370 

B for moderate spans usually exceeds the width of the flange (chord) 
by 5 or 6-in., and may be still further increased, in the case of large 
bridges. 

Note. — In the construction of the Youghiogheny bridge. Pa., the 
specification requires that the pressure per lineal inch of roller is not to 
exceed the product of 500-lbs. by the square root of the diameter in 
inches (500.VS). 

(10). — TreUif, or Lattice Girders, — The ordinary trellis or lattice 
girder consists of a pair of horizontal chords and two series of diagonals 
inclined in opposite directions (Fig. 6). The system of trellis is said 
to be single, doable, treble, — according t» the number of diagonals met 
by the same vertical section. 



TT) 



'V. 



•;/ 
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TBBLLIS, OR LATTICE GIRDERS. 




Vertical stiffeners, united to the chords and diagonals, may be intro- 
duced at regular intervals. 

Figs. 7, 8, 9, 10 shew appropriate sections for the top chord ; the 
bottom chord may be formed of fished and riveted plates, or of links 
and pins. 




The verticals and diagonals may be of an L, T, I, H, lJ or other 
suitable section, but the diagonals, except in the case of a single system of 
trellis, are usually flat bars, riveted together at the points of intersection. 

An objection to this class of girder is the number of the joints. 

The stresses in the diagonals are determined on the assumption that 
the shearing force at any vertical section is equally distributed between 
the diagonals met by that section, which is equivalent to the substitution 
of a mean stress for the different stresses in the several bars. 

c. g,f let w be the permanent load concentrated at each apex in Fig. 6. 

Let B be the inclination of the diagonals to the vertical. 

The reaction at A == 7J. w, and the shearing force at the section MN 
= 7J. w - 4. w == 3J. w. 

This shearing force must be transmitted through the diagonals. 



Hence, the stress m ab due to the permanent load -- 



-.secd^ 



-, w. 9ec 0, 
o 

Again, let w' be the live load concentrated at an apex. 

The live load produces in ah the greatest stress of the same kind as 

that due to the permanent load, when it covers the longer segment 

up to and including h. 
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The shearing force at MN ( == the reaction at A) is then rr-^.w\ and 

16 

55 

the corresponding stress in ah is ^-:,w\sece. 

64 

•*• the maximum stress in ah due to both kinds of loads = 

/7 55 A 

The shearing force produces its greatest effect in reversing the stress 
in ah due to the permanent load, when the live load covers the shorter 
s^ment up to and including a. 

The shearing force at MN ( == the reaction .9i> B) is then ^. w', and 

o 

5 

the corresponding stress in ah is -^^.w'.sec d] 

•*• the resultant stress in ah when the ELveload covers the shorter segment 

This sU^ess may be negative, and must be provided for by introducing 
a counter-brace or by proportioning the bar to bear hoth the greatest 
tensile and the greatest compressive stress to which it may be subjected. 

The stress in any other bar may be obtained as above. 

The chord stresses are greatest when the live load covers the whole 
of the girder, and may be obtained by the method of moments, or in 
the manner described in the succeeding articles. 

(11). — Warren Girder, — The Warren girder consists of two hori- 
zontal chords and a series of diagonal braces forming a single triangula- 
tion, or zig-zag, Fig. 11. 




The principles which r^ulate the construction of trellis girders are 
equally applicable to those of the Warren type. 

The cross-girders (floor-beams) are spaced so as to occur at the apex 
of each triangle. 

When the platform is supported at the top chords, the resistance of 

4 
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50 WABRJSN GIRDER. 

the structure to lateral flexure may be increased by borizoutal bracing 
between the cross-girders and by diagonal bracing between the main* 
girders. 

When the platform is supported at the bottom chords, additional cross- 
girders may be suspended from the apices in the upper chords, which also 
have the effect of adding to the rigidity of the main-girders. 
Let w be the dead load concentrated at an apex, or joint, 
live " " " " 

span of the girder, 
depth " " 

length of each diagonal brace, 
inclination " " " to the vertical 

number of joints 

r. sec e=y tan e z= j^. 

Two cases will be considered. 

Case I. — ^All the joints loaded. 

Chord Stresses, — These stresses are greatest when the live load covers 
the whole of the girder. 

Let 8n be the shearing force at a vertical section between the joints 
n and » + 1. 

Let JTn be the horizontal chord stress between the joints n-1 and n + 1. 

The total load due to both dead and live loads = (w + w'). -AT- 1. 

The reaction at each abutment dne to this total load = — 5 — ■, JV-1. 

The shearing forces in the diflFerent bays are, 

^ _ Ji+J? ^ ■^_i^ between and 1, 

S,^^1±^.N^, « 1 « 2, 

5.=Jf_+J£'.j^_6, « 2 « 3, 

<S,= ^^^.N-7, « 3 « 4. 

and>Sr,=-^i^'.(iV^2n^l) 

The corresponding diagonal stresses are, 
S^MC ^, Si^ec ^ , S^^ec ^. 
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The last stresses multiplied by tin give the increments of the ehord 
stresses at each joint. Thus, 

Hi = tension in 02 =z So. tan = ^ t ^ . N-l.-J^ 

2 NJc 

_ t(? + wW N-l 

"" 2 h' N" / 

J7, — compression inlS^iS'o. tan + Si/tan 
• _ w + w' I N-\ to + loW N-k w^W I 2.(J\r-2) 
2 li N '^ 2 k N " 2 'k' N 

J,«tension in 24 = ^1 + ^5,. tand-{-8^tane^ *il!^' . ?1-_I1?I 

£k It Jy 

54»tcomp'n in 35 = ir, + /S,. tan 0-^S^. tan e = — 5 T' N' 

and ^,= horizontal stress in chord, between the joints n-1 and »+l 

w + to' Z It. iV- n - . ^ . ^ - . XI. t xi. 

= — 5 .-T". jir — ^j bemg a tension for a bay m the bottom 

chord, and a compression for a bay in the top chord. 

Note, — The same results may be obtained by the method of moments. 
e. g,y find the chord stress between the joints 91 — 1 and n + 1. 

Let a vertical plane divide the girder a little on the right oF n. 

The portion of the girder on the left of the secant plane is kept in 
equilibrium by the reaction at the left abutment, the horizontal stresses 
in the chords, and the stress in the diagonal n^n + 1. 

Take moments about the joint n, 

-^H^.k^ — ^ — .i\r-l.n.-^ -nr-1. to + to.g-^ 
to + to' _ N^ n, 

.-. Hn = &C. 

Diagonal Stresses due to dead load. 

Let d^ be the stress in the diagonal n, n 4- 1 , due to the dead 
load. 

The shearing forces in the different bays due to the dead load are, 

^.N-l, between and 1, ^.iV^-3, between 1 and 2 
2 ^ 

JiV^-6, " 2 " 3,|.iV^-.7, « 3 " 4 



and •^.(j!\r-2 »-l), between n and n -f 1. 
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The corresponding diagonal stresses are, 

a compression -o"-^- !• «««• ^ = -q -^" 1. 7- = c^ in 01, 

a tension ~.iV- 3. %tc, 6 = -^.N - 3. -y- = (^ in 12, 

a compression -^.N- 5. «ec. (? =~.iV- 5.-=- = ci| in 23, 



and the stress in the n-th diagonal between n and n + 1 is, 

d.= |.(i\r-2»-l).|, 

being a tension or compression according as the brace slopes down or 
up towards the centre. 

Diagonal stresses due to liw load. 

The live load produces the greatest stress in any diagonal, (rijn + 1), 
of the same kind as that due to the dead load, when it covers the loriger 
of the segments into which the diagonal divides the girder; represent 
this maximum stress by J)^. 

The live load produces the greatest stress in any diagonal, (n, n + 1), 
of a kind opposite to that due to the dead load, when it covers the 
shorter of the segments into which the diagonal divides the girder; 
represent this maximum stress by J^^. 

The shearing force at any section due to the live load as it crosses the 
girder is the reaction at the end of the unloaded s^ment, and the cor- 
responding diagonal stress is the product of this shearing force by sec 6^ 

s 
or,-. 
k 

The values of the different diagonal stresses are, 

Dq = compression in 1 when all the joints are loaded 



k2 ' JV * 
I>i = tension in 1 2 when all the joints except one are loaded 

_s^w^ N-l.N-^2 

"Aj*2* N 
Di = compression in 2 3 " " "1 and 2 " 

_ s w\ iv:-2.j\r-3 

-T2* N 
A = tension in 3 4 " " " 1,2, and 3 " 

- 1 !^ -y-3.j\r-4 

^ *• 2 • N 
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jD, = stress in n, n + 1 when all the joints except 1, 2, 3 . . . and n loaded 

" fc' 2 N • 

i^o^ stress in 1 before the load comes upon the girders 

$ w* 
jy^ = compression in 1 2 when the joint 1 is loaded » ?-. -r?* 1 



at W 

J7, = tension "23 " joints 1 and 2 " = t Ivr- ^ 
Z>'3 = compression " 34 " " 1, 2,&3 " *= ^ ^'6 



s w' 

s w' 
k' N 



!>', = stress inn, 71 + 1, " " 1,2, ...&n" = -^.^'.-!^l^±i 

The total maximum stress in the n-th diagonal of the same kind as 
that due to the dead load = ^n + -^n- 

The resultant stress in the n-th diagonal when the load covers the 
shorter segment "= c?^ — i)'„. 

This resultant stress is of the same kind as that due to the dead load 
so long as <^„ > 1/^, and need not be considered since d^ + i>„ is the 
maximum stress of that kind. 

If ly^ > c?„, it is necessary to provide for a stress in the given diago- 
nal of a kind opposite to that due to d^ + D^y and equal in amount to 

This is effected by counterbracing or by proportioning the bar to bear 
both the stress^ c/, + i>, and I/^-d^. 

Case II. — Only joints denoted by even numbers loaded^ 




Chord Stresses.—ThQ stresses are greatest when the live load covers 
the whole of the girder. 
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The total load due to both dead and live loads = (w + w^. ^ ' ■. 

The reaction at each abutment due to this total load= — ^ .JSf- 2. 

4 

To find -ffj. take nuMnents about 1, -'- ff^k = — j — -^"" 2. -^^ 

« ir^ " « 2, ir,.A=^^±^'.J7r2.2.1. 

«o + lu' I 

-(« + «.'). 2. i. 



" JI, " " n, and yir«« let » be even ; 



to + ip' 



.♦. fi;.& = — -. — . N- 2. ». ■=. 
4 iV 

-(«. +ic'). jy-|^32 + ^^4 + ... + 6 + 4 + 2j 



■C 



, __ w + w' Z «. iV- w 
iVecc^ let n be odd. 

.•.fl..ifc=!i+2f!.j7r2:„.^ 

- (» + v>'). ■^\n-2 + »-4 + ... + 6 + 3 + 1 } 

and, fl.= _j— . ^. j^ 

N 
Note. — H -^ be even, 

:,Mj^ the stress in the middle bay = — rg— . -r.N 
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If :|^ be odd, 

/.-Hy, toe stress in the middle bay » — -^ — .^. — --- , 
J- I lo aj iv 

Diagonal 8tre$9€i due to the dead load. 

The shearing forces in the different bays due to the dead load are, 

—.N''2 between and 2,-. iV- 6 between 2 and 4, -?^. N^O 
4 4 4 

between 4 and 6, eto. 

The corresponding diagonal stresses are, 



4|in 23= -|.-^.F34 = d,in34 

d4in45 « p-^. FrTo = ci,in56 

etc., etc., etc. 

Thns the stresses in the diagonals which meet at an unloaded joint 
aire equal in magnitude but opposite in kind. 
Diagonal stresses due to the live load^ 
These are found as in case I, and 

N 
If — is odd, there is a single stress at the foot of each of these columns. 
Z 

The maximum resultant stress due to both dead and live loads is 
obtained as before. 

e. g,, the maximum resultant stress in 3 4 when the longer segment 
is loaded = c2, + A = ^ + A, 

and the maximum resultant stress in 3 4 when the shorter segment 
is loaded = c«| - i>', = (£, - J^j. 

I 
Note. — d is generally 60^, in which case s = 2.-^. 

(12).— Howe Trws. 

Fig. 14 is a skeleton diagram of a Howe truss. 

The truss may be of timber, of iron, or of timber and iron combined. 

The chords of a timber truss usually consist of three or more parallel 
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members, placed a little distance apart so as to allow iron snspenders 
with screwed ends to pass between them (Figs. 15, 16). 




Each member is made up of a number of lengths scarfed or fished 
together (Figs. 17, 18). 

The main-braces, shewn by the full diagonal lines in Fig. 14 are 
composed of two or more members. 

The counter-braces, which are introduced to withstand the effect of 
a live load, and are shewn by the dotted diagonal lines in Fig. 14, are 
either single or are composed of two or more members. They are set 
between the main braces, and are bolted to the latter at the points of 
intersection. 

The main braces and counters abut against solid hard wood or 
hollow cast-iron angle-blocks (Fig. 16). They are designed to with- 
stand compressive forces only, and are kept in place by tightening up 
the nuts at the heads of the suspenders. 

The angle-blocks extend over the whole width of the chords ; if they 
are made of iron, they may be strengthened by ribs. 

If the bottom chord is of iron it may be constructed on the same 
principles as those employed for other iron girders. It often consists of 
a number of links, set on edge, and connected by pins (Figs. 19, 20). 
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In sucli a case the lower angle-blocks should have grooves to receive the 
bars, so as to prevent lateral flexure. 

If the truss is made entirely of iron, the top chord may be formed of 
lengths of cast-iron provided with suitable flanges by which they can be 
bolted together. Angle-blocks may also be cast in the same piece with 
the chord. 

To determine the stresses in the diffierent members, the same data arfe 
assumed as for the Warren girder, except that iVis now the bumber df 
panels. 

Chord stresses, — These stresses are greatest when the live load covers 
the whole of the girder. • 

Let H„ be the chord stress in the n-th panel. 

The total load due to both dead and live loads -= w + w', N~ 1: 

The reaction at each abutment due to this total load == — = — iN-1; 

Let a plane MM divide the truss as in Fig. 14. The portion of the 
truss on the left of the secant plane is kept in equilibrium by the load 
upon that portion, the reaction at the left abutment, the chord stresses 
in the n-\h panels, and the tension in the n-th suspender. 

Firsts let the load be on the top chord and take moments about the 

foot of the «-th suspender ; 

. „ w -I- w' I . I ». n - 1 

. -a». ^ 2 — • '^'J^'W-^ «?'. -^^ 2 

w + w' . n, iV- n _ w-^w^ I n, JV— n 



■• ^. ' j^ ,or^,— 



Next let the load be on the bottom chord and take moments about the 
head of the n-th suspender. 

. - -fl». k = — - — . h -^ — , as before. 

Thus, H^ is the same for corresponding panels, whether the load is on 
the top or bottom chord. 

Diagonal stresses due to the dead load : — 

Let V^ be the shearing force in the n-th panel, or the tension on the 
n-th suspender due to the dead load. 

First^ let the load be on the top chord, 

TT, ^ TT — /JV-1 \ 

.•.^„= ^.J\r^l -n. w = w.(^— ^-n^. 

Next, let the load be on the bottom chord, 
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The ooneBponding diagonal stresees are, 

Diagonal stresses due to the live load. 

Let V"^ be the shearing force in the 9i-th panel, or tension on the n-th 
sospender, when the live load covers the longer s^ment. 

IHrsty let the load be on the top chord. 

The greatest stress in the n-th brace of the same kind as that produced 
by the dead load occurs when all the panel points on the right of MM' 
are loaded. 

.'. F'„ the shearing force on the left of MM' == the reaction at 

= -^, -AT- n - 1. — ^, and the corresponding diagonal stress 

H^ice, the resultant tension in the 9i*th suspender due to both dead 
and live loads = V^ z^ V^-^ Y\ 

and the resultant maximum compression on the nrth brace due to both 
dead and live loads 

The live load tends to produce the greatest stress in die n-th counter 
when it covers the shorter s^ment up to and including the nth panel 
point. Even then there will be no stress in the counter unless the effect 
of the live load exceeds that of the dead load in the (n + l)-th brace. 

The shearing force on the right of JOf'= the reaction at -Ar= ^ ^'^ 



N 



ly^ the corresponding diagonal stress = —- . • 



Aj* 2* N 
and the resultant stress in the counter = i>', - d^^ 



«(w'n.n + l /JV-3 \1 



Next let the load be on the hottom, chord. 

. 177/ —'^' AT iV-«+l 



2 N 
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Hence F,= F'.+ F'. = «.. (^— ^ -n; + -^.N-n. —^ 

and, rf. + D. - ^.| ». (-^ -«j + J. JV-«.— ^^ j 



Also the stress in the f^-th counter is 

JV(>«6. — A common value of ^ is 45®, when «ec = -jr- = 1.414, and 

tan e = = 1. 

The end panels and posts, shewn by the dotted lines in Fig. 14, may 
he omitted when the platform is suspended from the lower chords. 
(13). — Pratt, or Whipple truss. 




Fig. 21 is a skeleton diagram of the simplest from of Pratt truss. 
The verticals are now in compression, and the braces in tension, so that 
the angle-blocks are placed above the top and below the bottom chord. 

Counter-braces, shewn by the dotted diagonals in the Fig., are to be 
mtroduoed if necessary, to withstand the effect of a live load. 

The principles which regulate the construction of Howe trusses are 
equalfy applicable to those of the Pratt type. 

The stresses in the different members are found precisely as in the 
preceding article. 




Fig. 22 shews a modification of the Pratt truss, the braces forming 
two independent systems, which may be treated separately. 
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Let ^ be the inclination of AB to the vertical. 

" B •' " ^1, CD, " 

Chord stresses, — These stresses are greatest when the live load covers 
the whole of the girder. 

The reaction at A from the system ABCD... = 4.(w + ic'). 

7 
" " " " a 123 «g..(ic + w') 

The shearing forces in the different bays are, 

4. (li? + «?') in AC, from the system ABCD... 

\,(w + w')mAC " " ^12 3... 

^,iw + w')mC2, " " ABCD... 

|.(^ + w') in 2E " " ^123... 

2,{w + w')mE^, " " ABCD... 

%(w-k-w')mW " " ^123... 

'i.{w^"w')m G^, " " ABCD... 

\Aw^w') in 6 1 ** " ^123... 

The corresponding diagonal stresses are, 

4. («? + i^').«6c^'in AB,2^,(w-{-w^),secemA l^^.^w-Vw*) secern 
CD, 2J. (w + w'),»ec ^ in 23, etc. 

Hence the top chord stresses are, 

C^ in ^(7 = 4i,{w'\-w'),tan ^ + 3J.(w + w').ton <>, C, in C2=Ci + 
3. (w + w')- <«»* ^ = 4.(w + w').ton^ + 6i.(w + «')-^«**^> ^i in 2^ = 
C, + 2J. (* + w').«a7i ^ == 4.(w + w')Mn (?' + 9.(ii? + «?'). tow e, etc. 

The bottom chord stresses are, 

iTi in jB 1 = 4.(w + w'),tan q\ T^ in 1 i>= iT, + 3J. (w + w')-^** ^ 
= 4. (w + «?') .f an e' + 3 J. (w + w') .ton ^ = C, 
So, ^a = C„ ^4 = C„ etc., etc. 

Again the stress in any diagonal 4 5 of the system A 1 2.... due to the 
dead load = \\AD.sec 6, 

The live load produces the greatest stress in 45 of the same kind as 
that due to the dead load, when it is concentrated at all the panel points 
of the system J. 1 2 3... on the right of 4. 

The reaction at A is then -^ ,w\ 
and the corresponding diagonal stress = ^,wj secB, 



Digitized by LjOOQ IC 



FINK TRUSS. 61 

••• The mftzimum resultant stress in 4 5 = ( --^,w + ^,w' j .sec d 

The live load tends to produce the greatest stress in any counts 5 8, 

when it is concentrated at all the panel points of the system ^i 1 2 3 

on the left of 8. 

3 
The reaction at the right abutment is then -tM^ 

3 
and the corresponding stress in the counter = j,w' sec e ; 

(3 1 \ 

-. w'-o- 'io J, sec 9 J 

^. w,sec 6 being the stress in 67 due to the dead load. 
2 

Similarly the stresses in any other diagonal and counter may be 

found. 

{U).—Fink Truss, 




Fig. 23 represents a Fink truss. The platform may be either at the 
top or bottom. 

The verticals are always struts and the obliques are always ties. 

The stresses in the different members are to be calculated for a 
maximum distributed load. 

Let weight upon post IC, i. e., J of weight between A and 2, be TTj 

" " 2i>, " " A " 4, be W^ 

" " 3E, " "2 " 4, be F, 

" " ^F, " " A " B, be W^ 

and let TTj, Fi, F^, be the weights upon the posts 56r, 65", and 77, 

respectively. 

Let the inclinations of AC, AD, AF, to the vertical be a, 3, y, res- 
pectively. 

Let T^, T^, T„ be the tensions in the ties as in the Fig. 

The tensions in the ties meeting at the foot of a post are evidently 
equal. 
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••• 2.Ti.cosa = W[ 

2,T^.c0$ ^ = IT, + (2\ + T^).co8 a 

2.T^.cosa=i TT, 

2,T,,cos y = Tr, + (r,+ T;).cosfi +(2;+ T,).co9a 

2.T,,cosa= F; 

2.T^,cos p= TT, + (i; + Tj).co8 a 

2,Tj,cosa=: Wj 

2; = l TT.. «ec «, r. = 1. (tT. +^^±-^).,ec/», 

and TfSs--.Wj,9eea. 
A 

Again the compression in A2=T^9ina+ J,. «n 3 + T^. sin y 

" at 2= T;. sin $ + ^4. «tn y 

" in 24=. ^,. «m i3+ ^4. «n y^- ^8«^« « 

" at 4=. ^4.w»y. 

etc. etc. 

the compression in 1C= 2,Ti.co8 a «= TTj 

" " 2D = 2. T,.co« 3 

" 3^= 2.2;.co« a = f; 

" « 40 = 2.^4.co« y 

etc. etc. 

e. g.f let the load upon the struss be a uniformly distributed load, TT. 

.-. TfT = Tr.= F; = F;= ^, F.= F.= ^, and w,^ ^. 

.-. T, =T, =2;-i;=:-^.«eca, IV= ^.=^-«cc^,and 2;=2"»^y. 

If the truss represented by Fig. 23 is inverted, another system id 
obtained in which the obliques are struts and the verticals ties. 

(15).— JBo^Zmon Truss, 

Fig. 24 represents a Bollman truss. The platform may be either at 
the top or bottom. 

The verticals are always struts and the obliques are always ties. 

Each pair of ties, as AC, BC, is independent, and supports the load 
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upon a vertical, t. e,, the weight of panel, or one-half of the weight be- 
tween the panel points A and E, 




Let T , T, be the stresses in AC, BC, respectively. 

Let IFi be the weight upon the post DC. 

Let Oi, a,, be lihe inclinations of AC^ BGy respectively, to the vertioaL 

... T,^ F. . 7^^' „ and r. = W. . 7^ , 

The stress in any other tie may be obtained in the same manner. 
The compression in the top chord is the sum of the horizontal compo- 
nents of the stresses in all the ties which meet at one end. 
(16), — Quadrangular and Post systems. — 




Fig. 25 represents the Quadrangular truss m which the bottom chord 
is supported at intermediate points half way between the verticals. 

Fig. 26 represents the Post system. In reality it is the Pratt 
(Linville) truss shewn in Fig. 22, modified by inclining the compression 
members at an economical angle. 

The stresses in the different members are to be calculated in the 
manner described in the preceding articles. 

(17). — Bowstring girder^ or truss. 

The bowstring girder in its simplest form is represented by Fig. 27, 
and is an excellent structure in point of strength and economy. 

The top chord is curved, and either springs from shoes (sockets) 
which are held together by a horizontal tie, or has its ends riveted 
to those of the tie. 

The strongest bow is one composed of iron or steel cylindrical tubes, 
but any suitable form may be adopted, and the inverted trough offers 
special facilities for the attachment of verticals and diagonals. 
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The tie is constructed on the same principles as those employed for 
other iron girders, but in its best form it consists of flat bars set 
on edge and connected with the shoes by gibs and cotters. 




The platform is suspended from the bow by means of vertical bars 
which are usually of an I section, and are set with the greatest breadth 
transverse, so as to increase the resistance to lateral flexure. In large 
bridges the webs of verticals and diagonals may be lattice-work. 

If the load upon the girder is uniformly distributed and stationary, 
verticals only are required for its suspension, and the neutral axis of the 
bow should be a parabola. An irregularly distributed load, such as that 
due to a passing train, tends to change the shape of the bow, and di- 
agonals are introduced to resist this tendency. 
A circular arc is often used instead of a parabola. 
To determine the stresses in the different members, assuming that the 
axis ABC of the top chord is a parabola : — 

Let w be the dead load per lineal fl. 
" w' " live " " 

" I " span of the girder. 
" h " greatest depth BD of the girder. 
Chord stresses. — These stresses are greatest when the live load covers 
the whole of the girder. 

The total load due to both dead and live loads = (ir + w'). I 

to + to' 
The reaction at each abutment due to this total load = — - — . I 

Let H be the horizontal thrust at the crown. 

Let I' " " tension in the tie. 

Imagine the girder to be cut by a vertical plane a little on the right 
of BD, The portion ABD is kept in equilibrium by the reaction at A 
the weight upon AD^ and the forces H and T. 
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Take moments about B and D ; 



T.k 



8 



and 



./•= H. k, 

^ s=: 

8 • 






Let ^' be the thrust along the chord at any point P. 
Let X be the horizontal distance of Pfrom B, 

The portion PB is kept in equilibrium by the thrust H at 5, the 
thrust W at P, and the weight {w + t(7')uB between P and 5 ; 

t being the inclination of the tangent at P to the horizontal. 
Hence, the thrust at u4 = I — ^ — dS i T^l? "^ ^ ) 

Diagonal stresses due to live load. 

Assume that the load is concentrated at the panel points, and let it 
move from A towards G, 




If the diagonals slope as in the Fig. 28, they are all ties, and the live 
load produces the greatest stress in any one of them, as QS^ when all the 
panel points from ^ up to and including Q are loaded. 

Let Xy y, be the horizontal and vertical co-ordinates, respectively, of 
any point on the parabola with respect to jB as origin. 

4..k 



The equation of the parabola is, y^-^-^ 



(1) 



Let the tangent at the apex P meet DB produced in L, and DC pro- 
duced in E. 

Draw the horizontal line PM. 
From the properties of the parabola, LM=''2. BM, 
Let PM == X, and BM == y. 
From the similar triangles LMP and LDE, 
L M_LD 2.y_ Jfe+y 
MP''DE' ^^ X "^ x + QE' 
5 
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CE l-2x 



(2) 



" QE l+2x 

Draw EF perpendicular to QS produced, and imagine the girder to 
be cut by a vertical plane a little on the right of PQ, 

The portion of the girder between PQ and C is kept in equilibrium 
by the reaction R at C, the thrust in the bow at P, the tension in the 
tie at Qy and the stress in the diagonal QS. 

Denote the stress by D^^ and let the panel OQ be the ririh. 

Let Q be the inclination of QS to the horizontal. 

Take moments about E, 

:. D^, EF =- R CE 

n j?^^ (3) 

or D^^R.pr^' cosec . "" ^ 

Let iVbe the total number of panels, 

•*• iV^^ * panel length, and w^.^is a panel weight. 

11^ ?-2x CE N-n 
N 2' Z + 2x QE n 

jB, the reaction at G when the n panel points preceding T are loaded 
_w^ n,n-t- 1 
-2" W 

Hence, equation (3) becomes, 

D^=^—.hn + i. .cosec o "^ ^ 

^ iV 

Again, by equation (1), k - ST=:^. DT*= 4.fe. {^ - jV 
Thus, finally, 

^-=?*¥'-r- — ^ ]r:;rr[ w 

This formula evidently applies to all the diagonals between B and (7. 
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Similarly, it may be easily shewn that the stress in any diagonal 
between B and A is given by an ezpressioo of precisely the same form. 

Hence, the value of D^ in equation (5) is general for the whole girder. 

A load moving ftom. C towards A requires diagonals inclined in an 
opposite direction to those shewn in Fig. 28. 

Stresses in the verticals due to the live loacL 

Let F„ be the stress in the ti-th vertical FQ due to the live load. 
This stress is evidently a compression, and is a maximum when all the 
panel points from J. up to and including are loaded. 

Imagine the girder to be cut by a plane /S" ^" very near PO, Fig. 28. 
The portion of the girder between S^ ^" and C is kept in equilibrium 
by the reaction R' at C, the thrust in the bow at P, the tension in the 
tie at 0, and the compression F^ in the vertical. 

Take moments about JE, 

K. QE =-- R,CR, or F„ = ^. — , 

n 

and R, the reaction at C when the (n-1) panel points from A up to 
and including are loaded = ~.Z.-^ — j-, 

H„.,r.»J,it4^, « 

a general formula for all the verticals. 

Let v„ be the tension in the n-th. vertical due to the dead load. The 
resultant stress in it when the live load covers AG is v„-V^, and if 
negative, is the maximum compression to which PQ is subjected. 

If i;,-F„ is positive, the vertical PQ is never in compression. 

The maximum tension in a vertical occurs when the live load covers 

the whole of the girder and == w\-+the tension due to the dead load. 

Note, — The same results are obtained when N is odd. 

(18). — Bowstring girder with isosceles bracing. 

Diagonal stresses due to the dead load. —Under a dead load the bow is 
equilibrated, and the tie subjected to a uniform tensile stress equal in 
amount to the horizontal thrust at the crown. The braces merely 
serve to transmit the load to the bow and are all ties. 

Let T^, r, be the tensile stresses in the two diagonals meeting at any 
panel point Q, Let ^i 6^ be the inclinations of the diagonals to the hori- 
zontal. 

Let TTbs the panel weight suspended from Q, 
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Tht^ stress in the tie on each side of y is the @ame, and thoretore 
Tiy T^, and W are necessarily in equilibrium. 

Hence,r,==Tf.^-^fA__,andr,^=TF. ^* ^» 



Diagonal stresses due to the live load. 
Let N be the number of half panels. 

2,1 . . 2i 

The length of a panel == — jr=- ; the weight at a panel point = w\ — rp* 

Let the load move from A towards C. All the braces inclined like 
OP are ties, and all those inclined like QP are struts, 
girder from J. up to and including 0. 

The live load produces the greatest stress in OP when it covers the 
I>enote this stress by D^ ; OG is the n-th half-panel. 

As before, D^. EF == R, CE. (1). 

The load upon AO = n.w .-^, and • • i?= — jr= — .-o-^ 

The ratio of CE to EF is denoted by the same expression as in the 
preceding article. 

.7 OAT r^ + ^K^- n-l){n^ l)f] * ,., 
w' I n + 2 N-n L ir *^ ^ ^ U (2) 

The live load produces the greatest stress in OM when it covers the 
girder up to and including Z>. 
Denote this stress by Z>'„ ; DG is now the w-th half panel. 
Let R be the reaction at C, 

GE 
As before, !)'»*= R, yrp, cosec ^, (3) 

^ being the angle MOD, 

I w' »' - 1 

The weight upon AD = (n - 1) .lo'.-jn-, and .'. i? = -^.l ^^ 



:.Dn^ 
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CE 
OE 



It may be ewnly shdwii, as in ihe preceding utifele, ihitt, 

4tn.k. {N—n) 



n + 1 



,atictco«ec0sJVl- 



.•.i>'.= 






^-^-A^'lC^-^M'J (4) 

* n * iV" iV-* 

Hence, when the load moves from A towards G, equation (2) gives 
the diagonal stress when n is even, and equation (4) gives the stress 
when n is odd. 

If the load moves from G towards -4, the stresses are reversed in 
kind, so that the braces have to be designed to act both as struts and 
ties. 

Note, — By inverting Fig. 29, a bowstring girder is obtained with the 
horizontal chord in compression and the bow in tension. 

(19). — Bowstring Suspension Bridge, (^Lenticular Truss), — This 
bridge is a combination of the ordinary and inverted bowstrings. The 
most important example is that erected at Saltash, Cornwall, which 
has a clear span of 445-ft. The bow is a wrought-iron tube of an 
elliptical section, stiffened at intervals by diaphragms, and the tie is a 
pair of chains. 

A girder ci this class may be made to resist the action of a parsing 
load either by the stiffness of the bow, or by diagonal bracing. 




In Fig. 30, let BD = k, B'D = k'. 

Let ^ be the horizontal thrust at B, and Tthe horizontal pull at jB', 
when the live load covers the whole of the girder. 



.,^=!i+!f:.^,= 7'. 



Firsts let k = k\ 



:, H=^ r= 



8 k + k' 
w + to' P 



, or one-half of the corres- 



16 k 
J)6nding stircfts iii a bow-string girder of span I ind depth k, 
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One-half of tiie total load is supported by the bow and one-half is 
transmitted through the verticals to the tie. 

/. The stress in each vertical =« j^in^' + ^")> 

w" being the portion of the dead weight per lineal fl. borne by the ver- 
ticals, and ^Vthe number of panels. 

The diagonals are strained only under a passing load. 

Let PP be a vertical through E, the point of intersection of any two 
diagonals in the same panel, and let the load move from A towards C, 

By drawing the tangent at Pand proceeding as in § (18), the expres- 
sion for the diagonal stress in QS, becomes as before, 
-. w' ».(»-!) Z - 2x 

Similarly ihe stress in the vertical QQ is 

V SB 1/J 4- Z — H— — i- • 

Vn « •^•+2-*- m i+2* (2) 

Next, let Ic and V be unequal. 
Let ITbe the weight of the bow, W the weight of the tie. 

..under these load8,^.^^^=^'=-g-^, or-^ =^. ^3^ 

The verticals are not strained unless the platform is attached to them 
along the common chord ADC. In such a case, the weight of the plat- 
form is to be included in W, 

The tangents at P and P evidently meet AC produced in ihe same 
point O', for E(y is independent of h or k\ Hence, the stresses in the 
verticals and diagonals due to the passing load may be obtained as 
before. 

(20). — Camber, — Owing to the play at the joints, a bridge truss, 
when first erected, will deflect to a much greater extent than is indi- 
cated by theory, and the material of the truss will receive a permanent 
set, which, however, will not prove detrimental to the stability of the 
structure, unless it is increased by subsequent loads. 

If the chords were made straight they would curve downwards, and, 
although it does not necessarily follow that the strength of the truss 
would be sensibly impaired, the appearance would not be pleasing. 

In practice it is usual to specify that the truss is to have such a 
camber^ or upward convexity, that under ordinary loads the grade 
line will be true and straight. 

The camber may be given to ihe truss by lengthening the upper or 
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shortening the lower chord, and the difference of length should be equal- 
ly divided amongst all the panels. 

The lengths of the web members in a cambered truss are not the 
same as if the chords were horizontal, and must be carefully calculated, 
otherwise the several parts will not fit accurately together. 
To find an approximate value for the Camber, etc. 

Let d be the depth of the truss. 

Let «i, «„ be the lengths of the upper and lower chords, respectively. 

Let/i,/„ be the unit stresses in " " " " 

Let c^i, d^, be the distances of the neutral axis from the upper and 
lower chords respectively. 

Let R be the radius of curvature of the neutral axis. 

Let I be the span of the truss. 

/. -g =-^ =^, and-^= -J-- ^y approximately, 

the chords being assumed to be circular arcs. 

Hence, the excess in length of the upper over the lower chord 

I ^ d 

Let Xj, x,, be the cambers of the upper and lower chords, respectively. 
i? + c^ and jB-ci, are the radii " " " " 

By similar triangles, 

the horizontal distance between the ends of the upper chord =— j^\? 

lower « ^^,1 
Hence, (-.-?±*.z)'= Xi.2.(J?+rfi), approximately. 

9 

and ( - . Z^f . Z J = Xi.2. (J? - cZ,) , approximately. 
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V2 TABLES. 

TS8TS FOR THE MATERULS 09 ▲ BRIDGll. 
I. WROUGHT IRON. 

Tention Tests (1). All wrought^iroii to haye a limit of elaaticity of 

not less than 26y000^1bs. per sq. in. 

(2). Full sized bars of flat, round, or square iron, not oyer 4}-aq. ins. 
in sectional area to haye an ultimate strength of 50,000-lbs. per sq« 
in., and to stretch 12^ per cent, of the whole length. 

(3). Bars of a larger sectional area than 4^ sq. ins. to be allowed a 
reduction of 1,000-lbs. per sq. in. for each additional sq. in. of section 
down to a minimum of 46,000-lbs. per sq. in. 

(4). Specimens of a uniform section of at least one sq. in., taken from 
bars of 4^-sq. ins. section and under, to haye an ultimate strei^th of 
52,000-lb8. per sq. in., and to stretch 18 per cent, in 8-inches. 

(5). Similar specimens from bars of a larger section than 4^H3q. ins. 
to be allowed a reduction of 500-lb8. per sq. in. for each additional 
sq. in. of section, down to a minimtun of 50,000-lbB. per sq. in. 

(6). Similar specimens from angle and other shaped iron to haye an 
ultimate strength of 50,000-lbs. per sq. in., and to stretch 15 per cent, 
in 8-inches. 

(t). Similar specimens from plate-iron to haye an ultimate strength 
of 48,000-lb6. per sq. in., and to stretch 15 per cent, in 8-incheB. 

Bending Tests (8). All iron for tension members to bend oold, 

without cracking, through an angle of 90^ to a curys, of which the 
diameter is not more than twice the thickness of the piece, and at least 
one sample in three to bend 180° to this curye without cracking. 

(9). Specimens from plate, angle, and other shaped iron, to bend cold 
without cracking, through an angle of 90° to a curye, of which the 
diameter is not more than three times the thickness of the specimen. 

II. STEEL (liILD). 

(1). The steel to haye an elastic limit of 40,000-lbs. per sq. in., and 
a co-efficient of elasticity yarying from 26,000,000 to 30,000,000-lbs. 

(2). Full-siied bars to haye an ultimate tensile strength of 70,000 
lbs. per sq. in., and, when marked off in 12-in. lengths, to shew a 
stretch of 10 per cent, for the whole length, and of 15 per cent, at least 
for the length including the fracture. 

(3). Bars drawn down to a suitable size from the crop ends of each 
bloom slab, and not more than one inch in thickness, to bend cold, with- 
out cracking, through an angle of 180° to a curyes, of which the diam- 
eter is not more than the thickness of the bar. 
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lU. OAST-IBON. 

A qpeoimoi bar of die iron, 5-ft. long, l-in. square, and resting 
upon supports 4-ftw 6-hi8. apart^ to bear, without breaking, a weight of 
560-lbs. suspended at the centre. 

Tables of the safe working loads upon compression members 

WBOUGHT-IBON. 



"SST^T*^- 


ai«« woctliw Iim4 im llM. fw •«, la. 


B>tlo(<lai«tlit* 


8U> woMlW lM<l« Il» VV •«■ Iv 


Flat ante 


Bwuiludk 


Jdmmutm 


riatisai. 


Botmt ai<U. 


10 


10,0000 


7,000 


30 « 36 


6,000 


4,000 


10 to 16 


9,000 


6,600 


35 " 40 


6,000 


3,500 


16 « 20 


8,000 


6,000 


40 " 60 


3,800 


2,500 


20 « 26 


7,500 


6,600 


50 « 60 


3,000 


2,000 


26 « 30 


6,800 


6,000 









Cast-iron compression members should not exceed 22-diam8. 
in length and should be subject to the same stresses as those prescribed 
for wrought-iron. 

TIMBER. 



Batio of length to least 
traatrene dtaienrten. 


Saf^loadlnllNi. perBQ.ln. | 


OAK. 


PIXX. 


10 
10 to 20 
20 " 30 
30 " 40 


1,000 
800 
600 
400 


900 
700 
500 
300 



bondelet's bulb fob oak and pine. 



Bstio of length to iMUt 
tnuuTene dlmaiulon. 


Extreme load in Ibi. per §q. 
In. borne l)y pillar wlthont 
Uteral flexure. 


Stf e irorkinc lowl in lbs. per 

(q. in. with 7 M factor 

of lafety. 


1 
12 
24 
36 
48 
60 
72 


6,974 

4,978 

2,987 

1,991 

996 

498 

249 


853 
711 
426 
284 
142 
71 
35 



In flexure, the greatest allowable stress per sq. in. may be 
taken at l,200.1bs. for oak, and 1,000-lbs. for pme. 

N. B. — ^The figures in the above tests and tables are by no means 
absolutely fixed, and are merely given to shew the standard practice of 
engineers. 
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Table of loads for Highway Bridges. 



Span in feet. 


City and BnborlMui 

Bridges liable to heavy 

traflic. 


Bridges in Mannfao- 
turing Districts. 
Ballasted Roads. 


Bridges in Country 
Districts. Unballast- 


100 and under. 
100 to 200.... 


100 lbs. per sq. ft. 
80 " " 


90 lbs. per sq. ft. 
60 »* 


70 lbs. per sq. ft. 
60 ** " 


200 to 300.... 


70 " " 


50 « " 


50 *' « 


300 to 400.... 


60 " " 


50 " " 


45 « " 


400 and over... 


50 « " 


50 " " 


45 " " 





Table of loads for 


Railway Bridges. 




Span in ft. 


Dead load in 
»M.per 
lineal ft. 


Uve load in Ibt. 


Span in 


Dead load in lU 


Live load in llw. 




per Uneal tt. 


ft. 


per lineal ft. 


per lineal ft. 


5 


450 


12,000 


100 


900 


2750 


10 


500 


5,500 


125 


1135 


2600 


15 


550 


5,000 


150 


1225 


2500 


20 


625 


4,750 


175 


1300 


2500 


25 


625 


4,500 


200 


1500 


2400 


30 


650 


4,000 


250 


2000 


2400 


40 


700 


3,500 


3U0 


2400 


2250 


50 


750 


3,250 


350 


3000 


2250 


75 


800 


3,000 400 


4000 


2250 
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CHAPTER IV. 
Suspension Bridges. 

(1). Cables. — The modern suspension bridge consists of two or more 
cables, from which the platform is suspended by iron or steel rods. The 
cables pass over lofly suj^rts (piers), and are seeored to an<^orages upon 
which they exert a direct pull. 

Chain, or Unk cables are the most common in England and Europe, 
and consist of iron or steel links set on edge and pinned together. Formerly 
the links were made by welding the heads to a fiat bar, but they are now 
invariably rolled in one piece, and the proportional dimensions of the 
head, which in the old bridges are very imperfect, have been much im- 
proved. 

ffoop'tron cables have been used in a few cases, but the practice is 
now abandoned, on account of the difficulty attending the manufacture 
of endless hoop-iron. 

Wire-rope cables are the most common in America, and form the 
strongest ties in proportion to their weight. They consist of a number 
of parallel wirc'ropes or strands, compactly bound together in a cylin- 
drical bundle by a wire wound round the outside. There are usuaUy 
seven strands, one forming a core round which are placed the remain- 
ing six. It was found impossible to employ a seven-strand cable in the 
construction of the East Biver Bridge, as tiiie individual strands would 
have been far too bulky to manipulate. The same objection held against 
a thirteen-strand cable (13 is the next number giving an approximately 
cylindrical shape), and it was finally decided to make the cable with 
nineteen strands. Seven of these are pressed together so as to form a 
centre core around which are placed the remaining twelve, the whole 
being continuously wrapped with wire. 

In laying up a cable great care is required to distribute the tension 
uniformly amongst the wires. This may be effected either by giving 
each wire the same deflection or by using straight wire, i.e., wire which 
when unrolled upon the floor firom a coil remains straight, and shows no 
tendency to spring back. The distribution of stress is practically uniform 
in untwisted wire ropes. Such ropes are spun from the wires and strands 
without giving any twist to individual wires. 
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The backstay is the portion of the cable extending from an anchorage 
to the nearest pier. 

The elevation of the cables should be sufficient to allow for settling^ 
which chiefly arises from the deflection due to the load and from changes 
of temperature. 

The cables may be protected from atmospheric influence by giving 
them a thorough coating of paint, oil or varnish, but wherever they are 
imbject to saline influence, fine seems to be the only certain safe-guard. 

(2), Anchorage, anchorage chains, saddles. 




The anchorage, or abutment, is a heavy mass of masonry or natural 
rock to which the end of a cable is made fast, and which resists by its 
dead weight the pull upon the cable. 

The cable traverses the aneh<Hrage, as in Figs. 1 , 2 and 3, passes through 
a strong, heavy, cast-iron anchor plate, and, if made of wire-rope, hail 
its end effectively secured by turning it round a dead-^ye and splicing it 
to itself. Much care, however, is required to prevent a wire-rope cable 
from rusting on account of the great extent of its Surface, and it is co^- 
indered advisable that the wire portion of the cable should always ter«- 
minate at the entrance to the anchorage and there be attached to a 
tnassive chain of bars, which is continued to the anchor plate or plateMI 
and secured by bdtft, wedges, or keys. 

In order to reduce as much as possible the depth to which it is neces^ 
flary to sink the anchor {dates, the anchor chains are frequently curved 
as in Fig. 3. This gives rise to a force in a direction shewn by th^ 
Arrows, and the masonry in the part of the abutment subjected to such 
force should be laid with ito beds perpendicular to the line of thrust. 

The anchor chains are made of compound links consisting aitematety 
of an odd and even number of bars. The friction of the link-heads on 
the knuckle plates lessens to a considerable extent the stress in a chain-, 
and it is therefore usual todiminii^ its sectional area gradually from the 
entrance iS^ to the anchor. This is effected in the Niagara Siu^^ensiou 
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n 



Bridge by varying the section of the bars, and in the East River bridge 
by varying both the section and the number of the bars. 

The necessity of preserving the anchor chains from rust is of such im- 
portance, that many engineers consider it most essential that the passages 
and channels containing the chains and fastenings should be accessible 
for periodical examination, painting and repairs. This is unnecessary 
if the chains are first chemically cleaned and then embedded in good 
hydraulic cement, as they will thus be perfectly protected from all atmos- 
pheric influence. 

The direction of an anchor chain is changed by means of a saddle or 
knuckle plate, which should be capable of sliding to an extent sufficient 
to allow for the expansion and contraction of the chain. This may be 
accomplished without the aid of rollers by bedding the saddle upon a 4 or 
5-in. thickness of asphalted felt. 

The chain, where it passes over the | 
piers, rests on saddles j the object of I 
which is to furnish bearings with easy [ 
vertical curves. Either the saddle may I 
be constructed as in Fig. 4, so as to | 
allow the cable to slip over it with comparatively little friction, or the 
chain may be secured to the saddle and the saddle supported upon rollers 
which work over a perfectly true and horizontal bed formed by a saddle^ 
plate fixed to the pier. 

(3). Suspenders, — ^The suspenders are the vertical or inclined rods 
which carry the platform. 





^ In Fig. 5, the suspender rests in the groove of a cast-iron yoke which 
straddles the cable. Fig. 6 shews the suspender bolted to a wrought- 
iron or steel ring which embraces the cable. When there are more than 
two cables in the same vertical plane, various methods are adopted to 
ensure the uniform distribution of the load amongst the set. In Fig. 7, 
for example, the suspender is fastened to the centre of a small wrought- 
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78 CURVE OF CABLB; VERTICAL SUSPENDERS. 

iron lever PQ, and the ends of the lever are connected with the cables by 
the equally strained rods PR and QS, In the Chelsea bridge, the dis- 
tribution is made by means of an irregularly shaped plate (Fig. 8), one 
angle of which is supported by a joint pin, while a pin also passes through 
another angle and rests upon one of the chains. 

The suspenders carry the ends of the cross-girders (floor-beams), and 
are spaced from 5 to 20-fb. apart. They should be provided with wrought- 
iron screw-boxes for purposes of adjustment. 

(4). — Curve of Cable; vertical suspenders, — An arbitrarily loaded 
flexible cable takes the shape of one of the catenaries, but the true cate- 
• nary is the curve in which a cable of uniform section and material hangs 
under its own weight only. If the load is uniformly distributed per 
horizontal unit of length, the cable forms a parabola. In most examples 
of suspension bridges the load is supported by rods from a certain num- 
ber of points along each cable, and its distribution may be assumed to 
be approximately uniform per horizontal unit of length. Hence, the 
curve usually adopted for the cables of a suspension bridge is a parabola • 




Let be the lowest point of the cable AOB passing over piers at A 
and B, 

JjCt the load supported from the cable by vertical rods be w per hori' 
zontal unit of length. 

Let xyhe the coordinates of any point P of the cable with respect to 
the horizontal OX and the vertical OF as axes of x and y, respectively. 

Let 6 be the inclination of the tangent at -Pto the horizontal. 

The portion 0-P of the cable is kept in equilibrium by the horizontal 
pull Hskt Oy by the tangential pull TatP, and by theload wx .upon OP 
which acts vertically through the middle point E of OiV, PNheing the 
ordinate at P, 

Hence, the tangent at P must also pass through \£^, and PEN is a 
triangle of forces. 

X 

H ^2 . 2.H (1) 

wx y w 
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the equation to a parabola with its vertex at 0, its axis vertical, and its 

2 ff 

parameter equal to -^' 

T PE 1 
Again, ^-^-^;^, :. n^T.co,e, ^g) 

and the horizontal pull at every point of the cable is the same as that at 
the lowest point. 

^^'1^- PJV « — 



(5). — Parameter y dhc, — Let ^,, ^„ be the elevations of A and Bj re- 
spectively, above the horizontal Ime COB, 

Let OD = ttj, 0C= a„ and let c&i + a, = a = CD, 

. ,,^ , 2.ir ^ ^ , 2.zr, 
by equation (1), aj^ . /ij, and aj= — .A, 

But «! + ttj = a, 

.\ai = — = — ^ — ,ana a^^ — en — •■ — 

V^i + VA-j V^i + V^j (5) 



The Parameter 



_ 2R _a\ _ 



K hi + ^2+ 2.VA1A, (6) 

^ 2.y W.X ^ j—^h.-^-^h^ 

ea«e- J?=-^ = 2.Vy.-V^ (7) 

Let ^1, 0„ be the values of ^ at J. and B, respectively. 

/. fan ^i = 2.W > and ton ^, = 2.V^s*^^-^ — ^^-^ ^ "^ 

a 
Corollary, — If A, = ^, = A, .*. «! = aj = ^» 

a* 
the parameter = ^, by equation (6), (9) 

4:.h 
and tan 0^ = tan ^g = , by equation (8). (10) 

(6). — Pressure upon piers, <Scc, 

Let Ti be the tension in the main cable at A 

" T' ** " back-stay " 

'^ ^' be the inclination to the horizontal of the tangent to the back- 
stay at A. 
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LENGTH OF ARC OF CJLBLE. 




The total vertical jMressure upon the pier = 7\. sin 9, + T^ nn 0' = P 
The resultant horizontal force at -4.= Tj cos Bi - T\ cosO'^Q 
When the cable slides over smooth rounded saddles (Fig. 4), the 
tensions T, and T' are approximately the same; 

.'. F= Tj. (sin 01 + tin 0% and Q= T^,{cos ^, •-cose'). 
In order that the resultant pressure upon the pier may be wholly v^^ 
tical Q must be zero, or di = ^, and the corresponding pressure is, 

Again, the resultant pressure may be } 
made to act vertically, by securing the j 
cable to a saddle which is free to move | 
horizontally on the top of the pier, | 
(Fig. 10). 

In this case, T^.cos <?| = ^. co« ^. = IT 
and .-. F== ff. (tan Oi + tan ^). 

Suppose the friction at the saddle too great to be disregarded. 

Let D be the total height of the pier, and | 
let TT be its weight. 

Let FG be the base of the pier, and K the | 
limiting position of the centre of pressure. 

Let p^q he the distance of P and W, re- 1 
spectively, from K] 

/. for stability of position^ Q ^ -^ 1± 

and for stability of friction when the pier is I 

Q ^ 
of masonry, p m ^ the oo-effioi«it of friction. 

The piers are made of timber, iron, steel, or masonry, and allow of 
great scope in architectural design. 

The cable should in no case be rigidly attached to the pier, unless the 
lower end of the latter is free to revolve through a small angle about a 
horizontal axis. 

(7). — Length of arc of cable, — Let OPbss, 

wjx 
tane^-^yhj equation (7), 

.'. sef?.e.de = r^.dx = -rz^^ds.cos 9 

JjL J± 




or cfo= 



H de 

w 'coiQ 
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Hence, « = — . / — 3-= ^ — • !*<*»* ^- ^^ ^ + %e (*«» ^ + «ec ^) } (11) 
Again, tow e=z~,Xy and «ec ^= V 1 + ■™-«fl5' 

CoroUary, — The length of any arc t>f the parabola measured from. 
is approximately the jame as that of th6 ovulatory circle at measured 
firom and having the same ahBcUsa. 

Let R be the radius of this circle. 
„ Parameter o^ 

••^= T- "27 

""*:!-= {^+ (^)} = + 4»)*=l + A- approxunatdy. 

(8") .— If ci^Ae 0/ Ca6ic.— The ultimate tenacity of iron wire is 90,000 
lbs. per sq. in., while that of steel rises to 160,000-lbs. and even more. 
The Bto^gth and ^uge of cable wire may be ensured by specifyiog.that 
the wire is to have a certain ultimate tenacity and elastic limit, and that 
a given number of lineal ft. of the wire is to weigh one pound. Each of 
the wires for the cables of the East River bridge was to have an ultimate 
tenacity of 3,4004bs., an elastic limit of 1600-lbs., and 14 lineal ft. of 
the wire were to weigh one pound. A very uniform wire, having a co- 
efficient ()f eljastiicity of 29,000,000-lbs., has been the result, and the 
process of straightening has raised the ultimate tenacity and elastic 
limit nearly 8 per cent. 

Let W be the weight of a length a^ {^OD) of a cable of sufficient 
sectional area to bear safely the horizontal tension JET. 

Let TT, be the weight of the length s^ (=zOA) of the cable of a sec- 
tional area sufficient to bear safely the tension T^ at A. 

Let/ be the safe inch stress. 

Let p be the specific weight of the cable material. 

:, F;= y .ai.jp, and Tf,=— _J.,j.p 

... ,P..^,.A^.,=^(..|.M)(u?#....) 

or W,= W, (1 + 1.^) , neatly. (14) 

6 
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A saying may be effected by propoitioning any given section to the 
poll across diat section. 

At any point (x,y), the pall=^.<6c9, and the corresponding sec- 

tional area= -^ — . The weight per nnit of length=— ^-r; — .p^ and the 

total weight of the length «, (=04) ^> 

But x»= ^.y 

Hence, ir.= IT,. (l+ 1 A|) (15; 

The weight of a cubic inch of steel averages .283-lb. 
" " wroiightiron " .277-lb/ 

IT 

The volume in inches of the cable of weight Tri=12.ai.— 

W 

/. ^-75=. 283-lb. or .277-lb., according as the cable is made of 

f 
steel or iron. 

Let the safe inch-stress of steel be taken at 33,960-lbs., of the best 
cable-iron at 14,958-lbs., and of the best chain-links at 9,972-lbs. 

•• ^^=^' »•• ^ 283X33^= igS^, for Bteel cables. (16) 
Fi=^. a.x. 277X3^^ = ^, for iron cablcB. (17) 

W,=H. a,x. 277x -^ = ^,, for link cables. (18) 

Note. — ^About ^th may be added to the net weight of a chain cable 
fbr eyes and fastenings. 

(9). — Deflection of a cahledtte to an elementary change in its length. 
By the Corollary of § (7), the total length (8) of the cable AOB is, 

2hl 2hi 

3 a, 3 a, 
Now Oi and a,, are constant; A, - A, is also constant, and .*. eDi,=:(i^ 

Hence, <i^4(^+^^.A 
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If Ai=/i,=A, 



«i=««=2» 



and dS= -^r,^. dh 
3 a 



ri9) 



(10). — Curve of cable; inclined suspenders, — The condition of a 
cable from which die load is suspended by a series of sloping rods, is 
precisely the same as when the rods are vertical, except in the direction 
of the load. 

Let be the lowest point of such a j 
cable. Let the tangent at 0, and a line I 
through parallel to the suspenders, be | 
the axes of x and y, respectively. 

Let w?' be the intensity of the oblique I 
load. Consider a portion OP of the I 
cable, and let the coordinates of P with | 
respect to OX, OF, be a5 and y. 

Draw the ordinate PN^, and let the tangent at P meet OiV in E. 

As before, PNE is a triangle of forces, and E is the middle point of 
ON. 




:,w\x PiV 2y • 2ff 



(20) 



H NE X w 

the equation to a parabola with its axis parallel to OF, and its focus at 

a point S where 4. SO •* ?l^. 
w 

Corollary 1. — Lst the axis meet the tangent at in 2*, and let its 

inclination to OX be t. 

Let A be the vertex, and OJV^ a perpendicular to the axis. 

:.SO=ST'=SA-hAT'=SA + AN'' 

But, 4.AS,AN''=0N''^=:N'T'\ tanH =4. AN\ tanH 

ASi 
:, AS=^AN'. tanH, and SO==AS. (1 + C'o<*0= "^ 

Hence, the parameter=4. u4/S=4. SO. sin^L (21) 

C<yroUary 2. — ^Let P be the oblique load upon the cable between O&P 
" Q " " total thrust upon the platform at E, 
li yj it a load per horizontal unit of length. 
ti ^ u u ^^ Qf increase of thrust along platform. 

" t " « length of FJE?. 
w 



sim 



andq=w,coti 



(22) 
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H:^^!^^2w\SO=2AS, ^=2. AS.^ (23) 

2 y smh $tnh 

/>=jy.?:*=J!^ (24) 

e=y^-\--^ + x.y.Co,i (26) 

Corollary 3.— Let« be the length of OP, and let fl be the inclination 
of PE t3 OT. 

:.$=AP—AO 

_ Hm^L (9Q_g) ,^ (9o_e) + hg,(_tan 90=fl + »ec.90-») 

2.10 L 

-ton (90-i).«€C (90-i)-%« (ton 90^' + «€c 90- 1) > 

H.dn^i( ^ ^ ,. . , cote-{-cosece\ ,^^. 
= — jr — J- A cot e.cosec B-cot i.cosec % + log^ ^ . ; f (^o; 

It maybe easily shewn as in the Corollary of §(7) that approximately, 

«=x + y.cos I + -.— ^^^ ;• (27) 

^ 6 x-{-y,co8 1 

(11). — Suspension bridge loads. — The heaviest distributed load to 
which a highway bridge may be subjected is that due to a dense crowd 
of people, and is fixed by modern French practice at 82-lbs. per sq. ft. 
Probably, however, it is unsafe to estimate the load at less than from 
100 to 140-lbs. per sq. ft., while allowance has also to be made for the 
concentration upon a single wheel of as much as 36,000-lbs., and per- 
haps more. 

A procession marching in step across a suspension bridge may strain 
it far more intensely than a dead load, and will set up a synchronous 
vibration which may prove absolutely dangerous. 

The /actor of safety for the dead load of a suspension bridge should 
not be less than 2^ or 3, and for the live load it is advisable to make it 
6. With respect to this point it may be remarked that the efficiency 
of a cable does not depand so much upon its ultimate strength as 
upon its limit of elasticity, and so long as the latter is not exceeded the 
cable remains uninjured. For example, the breaJcing weight of one of 
the 15-inch cables of the East River Bridge is estimated to be 12,000 
tons, its limit of elasticity being 8,118-tons, so that with 1^ only as a 
factor of safety, the stress would still fall below the elastic limit and 
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have no injurious effect. The continiial application of such a load 
would doubtless ultimately lead to the destruction of the bridge. 

The dip of the cable of a suspension bridge usually varies from 
l-15th to l-12th of the span, and is rarely as much as much as 1-lOth, 
except for small spans. 

(12). — Modifications of the simple suspension bridge. — 

The disadvantages connected with suspension bridges are very great. 
The position of the platform is restricted, massive anchorages and 
piers are generally required, and any change in the distribution of the 
load produces a sensible deformation in the structure. Owing to the 
want of rigidity, a considerable vertical and horizontal oscillatory 
motion may be caused, and many efforts have been made to modify the 
bridge in such a manner as to neutralize the tendency to oscillation. 

(a). - The simplest - 
improvement is that! 
shewn in Pig. 13,1 
where the point of the I 
cable most liable to I 
deformation is attach- 1 
ed to the piers by short I 
straight chains AB, 




(6).- A series of in- 
clined stays, or iron I 
ropes, radiating from I 
the pier saddles, may I 
be made to support the I 
platform at a number I 
of equidistant points, 
(Pig. 14.) Such ropes were used in the Niagara Bridge, and still more 
recently in the East River Bridge. The lower ends of the ropes are 
generally made fast to the top or bottom chord of the bridge truss, so 
Uiat the corresponding chord stress is increased and the neutral axis 
proportionately displaced. To remedy this, it has been proposed to 
connect the ropes with a horizontal tie coincident in position with the 
neutral axis.- Again, the cables of the Niagara and East River bridges 
do not hang in vertical planes, but are inclined inwards, the distance 
between them being greatest at the piers and least at the centre of the 
span. This drawing in adds greatly to the lateral stability, which may 
be still further increased by a series of horizontal ties. 
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(c). -In Fig. 15 two I 
cables in the same ver- 
tical plane are diagonal- 
ly braced together. In 
principle this method is 
similar to that adopted 
in the stiffening truss, 
(discussed in § 13), but is probably less efficient on account of the 
flexible character of the cables, although a slight economy of material 
might doubtless be realized. The braces act both as struts and ties, 
and the stresses to which they are subjected may be easily calculated. 

(cZ).-In Fig. 16 a sin- 
gle chain is diagonally I 
braced to the platform. 
The weight of the bridge 
must be sufficient to en- 
sure that no suspender will I 
be subjected to a thrust, or " 
the efficiency of the arrangement is destroyed. An objection to this as 
well as to the preceding method is that the variation in the curvature of 
the chain under changes of temperature tends to loosen and strain the 
joints. 

The principle has 
been adopted w i t h I 
greater prefection i n I 
the construction of a| 
foot-bridge at Frank- 
fort. The girder is I 
cut at the centre, the ' 
chain is hinged, and the rigidity is obtained by means of vertical and 
inclined braces which act both as struts and ties (Fig. 17.) 

(e).-In Fig. 18, the| 
girder is supported at sev- 
eral points by straight I 
chains running directly to | 
the pier saddles, and the! 
chains are kept in place by I 
being hong from a curved chain by vertical rods. 

(y).-It has been proposed to employ a stiff inverted arched rib of 
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wronght-iron instead of the flexible cable. All straining action may be 
eliminated by hinging the rib at the centre and piers, and the theory 
of the stresses developed in this tension rib is precisely similar to that 
of the arched rib, except that the stresses are reversed in kind. 

(^). - The platform of every suspension bridge should be braced hori- 
zontally. The floor beams are sometimes laid on the skew in order that 
the two ends of a beam might be suspended horn points which do not 
oscillate concordantly, and also to distribute the load over a greater 
length of cable. 

(13) . — Auxiliary or I 
stiffening truss. — The [ 
object f a stiffening 
truss (Fig. 19) is to 
distribute a passing load 
over the cable in such a | 
manner that it cannot be distorted. The pull upon each suspender 
must therefore be the same, and this virtually assumes that the effecl^ 
of the extensibility of the cable and suspenders upon the figure of the 
stiffening truss may be disregarded. 

The ends and A must be anchored, or held down by pins, but 
should be free to move horizontally. 

Let there be n suspenders, and let 7* be the pull upon each. 

I T 

:. t, the intensity of the pull per unit of span = T-i- r = n + l'-ji 

I being the span. 

Let w be the uniform intensity of the dead load. 

Let i^ , i^ , be the reactions at and Ay respectively. 

Case I. — The bridge partially loaded. 

Let w' be the greatest uniform intensity of the live load, and let it 
advance from A, and cover a length AB. 

Let OB=x 

For equilibrium, 

i?i +i2; + («- w). Z-irV(Z-aj)=0 (1) 

and, R,. Z + -^. P- 1.'. (Z-x)«=0 (2) 

Also, since the whole of the weight is to be transmitted through the 
suspenders, (t -^w),!-^ w\ (Z - a?) = 

or,<-«^=j.(2f-») (3) 
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From eqnfttioDfi (1), (2), and (8)| 

-R,='^.l(l-x)=R, (4) 

which shews tihat the reaotions at and A are equal in magnitude but 
opposite in kind. They are evidently greatest when x=^, i.e., when 

the live load covers half the bridge, and the common value is then -^ 
The shearing force at any point between and B distant x' from 0, 

=if.+(«-«)^=«,'.l:^.(x'-|) (6) 

which becomes -^ .y . (Z - cc) =-i?i = R^ when x' equal x. Thus, the shear 

at the head of the live load is equal in magnitude to the reaction at each 

wd, and is an absolute maximum when the live load covers half the 

bridge. The web of the truss must therefore be designed to bear a 

to' I 
shear of — ~- at the centre and ends, 
o 

Again, the bending moment at any point between and Bj distant 

»' from 0, 

=R, x' +-^.x'« = 2 .-7-.(^'" - «^'), (6) 

which is greatest when x'= n, i*t:., at the centre of OB, its value then 

being — ^, —7—. x*. Thus, the bending moment is an absolute maxi- 

d 2 

mvm when (1,7? -7?) = 0, t.e., when x = ^.?, and its value is then 

The bending moment at any point between B and A distant as' from 0, 
=A.x' + -^ uc'« - "2 .(x' - ic)« - y . ^-.x' - X.Z - x' (7) 

#hich is greatest when -j-, (x'-x Z-x')=0, i.e., when x'=-^, or at 

/ a; 
the centre of ABy its value then being -o-r-G ~ *)' Thus, the bend- 
ing moment is an absolute maadmum when-—-. (x.Z - x ) = 0, i.e., when 

cm 

I W 

* = -, and its value is th^n + ^-7.?. 
3 §4 
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Hence, the mobximvm bending moments of the tmhaded and loaded 
divisions of the truss are equal in magnitude hut opposite in direction, 
and occur at the points of trisection (D, C) of OA, when Ihe live load 
covers oners one-third (^AC) and two-thirds (AD) of the bridgcy respec- 
tively. 

Each chord mast evidently be designed to resist both tension and 
compression, and in order to avoid unnecessary nicety of calculation, the 
section of the truss may be kept uniform throughout the middle half of 
its length. 

In order that the truss 1 
might act most efficiently, 
it should be made in two 
halves, (Fig. 20), con- 
nected at the centre by a 
bolt strong enough to re- 

to' I 
sist the shear of — L.. The trusses can then deflect freely and are not 

o 

sensibly strained by a rise or fall of the cable under a change of tem- 
perature. 

Case II. — A single concentrated load W at any point B of the truss. 
IT now takes the place of the live load of inteiisity w\ 

The remainder of the notation and the method of procedure being 
precisely the same as before, the corresponding equations are, 

R, + R^-{-{t-w).l^W=0 (1') 

t — w 




R,.l + \ 



Z«-TF(Z-x)=0 
W 



i-^w=. 



I 



-iZi=y.(x--)=i2;, 



(20 
(30 

(40 



which shews that the reactions at and A are equal in magnitude but 

opposite in kind. They are greatest when x=0 and when a?=Z, i.e., 

W 
when W is either at or at A, and the common value is then -^ 

The shearing force at any point between and B distant x' from 0, 

=i?i + (< - to).a'=y . (x' - X + ^) . (50 

which is a maximum when x' s x, and its value is then -^* 
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w 

The web must therefore be designed to bear a shear of — throughout 

id 

the whole length of the truss. 

Again, the beading moment at any point between and B distant x' 

from 0, 

First le x< ~* The bending moment is positive and is a maximum 
when 05'= X, its value then being + -^-7 (Z.x — x*). 

Next let x>-^. The bending moment is then negative and is a mazi- 

mum when x'=:x - — , its value then being - ol'C^" o" ) • 

The bending moment at any point between B and A distance x' from 
=R,.7f + (< - tr).^ - Tf.(x' - *)= y.(»' -1){y- *) (^'> 
which is a maximum when -=-, i x'- ^•(o"~^) [=^> **^*) when 

x' » X + — , and its value is then — oT- (^ "" ~2 / • 

JVb^e. — The stiflfening truss is most effective in its action, but adds 
considerably to the weight and cost of the whole structure. Provision 
has to be made both for the extra truss and for the extra material re- 
quired in the cable to carry this extra load. 
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CHAPTER V. 
Arched Ribs. 

(1). — Linear arches, — When a cord hangs from two points of sup- 
port, and is loaded with a number of weights, it tends to assume the 
form of a funicular, or equilibrium polygon, and the horizontal pull 
at every point of the cord is the same, (§ (3), Chap. I). 

Let and A be the two 
points of support in the same 
horizontal plane. 

Let X, y, be the co-ordin- 
ates of any point Q of the 
cord with respect to 0. 

Let -P be the resultant of 
the weights between and Q, 

Let a?i be the horizontal distance of P frt)m Q, 

Let Fand H, respectively, be the vertical and horizontal components 
of the resultant force at 0, 

Take moments about Q. 

H.y=zV,x + Rx, (1) 

Suppose the cord to be exactly inverted and to be stayed in such a 
manner that it retains its form imchanged. Also, let the weights be the 
same in magnitude and distribution. The stresses at different points of 
the cord are now reversed in kind but no^ in magnitude, and equation 
(1) becomes, 

H, y= F. X - P, cc,= jif (2) 

M being the bending moment at a distance x from in a horizontal 
girder of the same span and similarly loaded. 

But H is constant and .*. y oc M. 

Hence, the vertical ordinates at points of the inverted cord measured 
from the horizontal aads A are proportional to the bending moments 
for corresponding sectiovs of a girder of the same span and similarly 
loaded. 
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If the number of the weights is increased indefinitely, and the 
distance between the points of application indefinitely diminished, the 
inverted cord becomes a curve, and forms a linear archj or equilibrated 
rib. 

An infinite number of linear arches, or curves of equilibrium, may be 
drawn through the points of support, as they are merely the bending 
moment curve plotted to different scales. These arches transmit a 
thrust only, and can never be constructed in practice, as the equilibrium 
is destroyed by the slightest variation in the distribution of the load 
from that for which the arch is designed, but the principles upon which 
they depend may be applied in the determination of the lines of resist- 
ance for arches and arched ribs. 

Corollary 1. — If JjTbe unity, the ordinates (y) are equal to the bend- 
ing moments. 

Corollary 2. — The linear arch for a load uniformly distributed along 
the horizontal is z. parabola, (§ (4), Chap. IV). 

(2). — Arched Ribs. — An arched rib is any truss in which both the 
chords are concave or convex in a vertical plane, and which gives rise to 
oblique reactions at the supports. 

Arches and suspension bridges are the two extremes in which the 
horizontal stresses developed by the load are met by horizontal forces 
applied at the points of support, instead of being made to neutralize each 
other within the structure itself, and are therefore the only systems in 
which the material should or might be subjected to the same kind of 
stress throughout. 

Wrought-iron and mild steel are very suitable for small arches in 
which parts of the rib are liable to tensile tresses. Cast-iron and cast- 
steel, having a greater compressive strength, might seem better adapted 
to large spans, as they admit of greater economy, but they are ill-suited 
to withstand shocks, and have been almost entirely superseded by the 
more elastic materials. 

The rib may consist of a number of tubes bolted together, as in the 
St. Louis steel bridge, but is usually of an /-section. The depth of the 
rib is not necessarily uniform from end to end, but may be advantageously 
increased in parts subjected to an excessive bending action. 

The space between the roadway and rib, i,e,, the spandril, may be 
filled up with some kind of lattice work, which should be very carefully 
designed, as the artistic appearance of the arch is largely dependent 
thereon. 
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Generally, the ends of the rib are 
securely bolted to iron skewbacks built in- 
to the abutments. It is far preferable to I 
support th(i ends on pins or on cylindrical 
bearings, Fig. 2, which allow of a free 
rotational movenient at the sprii^ngs, 
so that the straining action in those 
parts due to changes of temperature or 
other causes are eliminated. Besides, the hcrizonUd thrust, which is 
indeterminate when the ends are fixed, now becomes approxii^iately 
axial and determinate, and a consideration of the actual deformation of 
different portions of the rib will render its strength completely ascertain- 
able. Similar results have been obtained in roofs by suspending the ribs 
fit)m single links attached to the supports. 

The bending action at any point of the rib may be made to vanish by 
the introduction of a hinge, and the linear arch must pass through all 
such points. With a live load, however, there cannot be more than 
three hinges, or the equilibrium will be unstable and the arch will fail. 

The practice of constructing timber arches with bent planks, bolted 
and scarfed together, is not to be recommended. When wood is em- 
ployed, the arch should be a frame of which the several members are 
straight balks. 

Timber arches are usually in the form of a s^ment of a circle, and a 
semi-circle is often employed for the sake of architectural appearance. 

Fig. 3 represents a good 
form of metal arch for mod- 
erate spans, the chords being 
braced together, so as to pre- 
vent distortion. If the span 
is large, the depth of the rib 
may be increased and kept uniibrm tnroughout. The chords are then 
parallel, and the necessity for long braces at the abutments is obviated. 

A horizontal distributing girder introduced at the top of an arched 
rib gives an increased depth, and is also intended to share the variable 
stresses induced by a passing load, so that the maximum stress at any 
point of the rib may never exceed the greatest stress produced when the 
bridge is completely covered by the passing load. Much uncertainty, 
however, exists as to the mutual relation of the girder and rib, and it 
seems better to concentrate the additional metal in the rib. 
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With a passing load the throats upon a pier supporting the ends of 
adjacent arches in a viaduct are oflen unequal, and if the conditions of 
stability will allow the pier to bear only a part of the resultant thrust, 
the remainder must be converted into an artificial thrust along the via- 
duct 

Note, "When the ends of a. rib are hinged, JJ is indeterminate within 
limits dependent upon the frictional bending moment at the bearings. 

(3;. — General proposition, — It is now proposed to describe the method 
of calculating the probable maximum stresses at the different sections 
of an arched rib. The stresses cannot be found with mathematical 
accuracy, as they depend upon a variety of conditions which are altogether 
indeterminate. 

The total stress at any point is made up of a number of subsidiary 
stresses, of which the most important are : (1) a direct thrust, (2) a stress 
due to flexure, (3) a stress due to a change of temperature. Each of 
these may be investigated separately. 

(4). — Bending moment (At) at any point of an arched rtb. 

Let ABO, the axis of an 
arched rib hinged at the ends, 
coincide with a linear arch for 
a given load. The thrust at I 
any cross-section of the rib is [ 
necessarily axial and uniformly 
distributed. 

For a different load the linear arch assumes a new form, as a d c, and 
the stress is no longer axial. 

Let V and JJ, respectively, be the vertical and horizontal components 
of the thrust at A. 

Let Py the resultant of the load between A and any ordinate D E F, 
meet a c in a. 

.•.JIfati;,= F.AF-jP. GF-JJ. EF 

But, = F.AF-P. GF-JJ.DF 
:,M=R.(DF -EF)=:ir.DB (1). 

Hence, the bending moment at any point of the aacis is proportional to 
the vertical distance of that point from the linear arch. 
The same is true if the ends of the rib are absolutely ^ixec?. 
Let Jfj be the moment due to the fixture at A. 

.-. Jf = r. AF - P. GF - H. EF - iJfi 
& = F. AF - F. QF - JJ. DF - Jfj 

k Jf « H. DB, as before. (2). 






* ^ H 
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M is «ero at h, the point of intersection of the axis and linear arch, and 
is n^ative, i.c., changes in direction, at points on the right of h. 

CoToUary, — Let T be the thrust along the axis at B; draw d'b a nor- 
mal at E. 

.•.I'=JJ.«ecDED' = J5r.J^ 
d'e 

and •'•Jlf=JJ. DE= T, d'b 

(5). Rih with hinged ends ; invariability of span. 

Let ABO be the axis of a 
rib supported at the ends on 
pins or on cylindrical bear- 
ings. The resultant thrusts 
at A and o must necessarily 
pass through the centres of 
rotation. The vertical compoDi.-ot-8 <it the thrusts are tqual to tbe cor- 
responding reactions at the ends of a girder of the same span and 
similarly loaded ; H remains to be found. 

Let ADO be a linear arch for any given distribution of ihe load, and 
let it intersect the axis of the rib at h. The curvature of the more 
heavily loaded portion aeh will he Jlattenedj while that of the remainder 
will be sharpened. 

The bending action at e tends to change the incliuation of the rib 
at that point, and if the end A were free to move, the line ea would 
take the position el, al being of course very small ; draw the ver- 
tical LO. 

AO represents the horizontal displacement of the point B. 

Since lab is approximately a right-angle, 

EF 




.•.AO = AL. — 
AE 



(1) 



M 



But the angle A B l = the change of curvature =-=-r nearly 
I being the moment of inertia of the section of the rib at B. 
/. AL = ^-yAE, nearly, 



and /.AOs- 



M 



.EF=J5r. 



DE.EF 



(2) 



EJ E. I 

But the length AO is assumed to be invariable, so that the total dis- 
placement between A and o is nil. 
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or, since H and E are constant, 

.(£?±I)=0 (3) 

The actual linear arch may now be ascertained by drawing sereral 
linear arches and selecting the one which most nearly satisfies equation (3). 
Corollary 1. — ^Equation (3) may be written, 

2 \^— J— j.BF = 0,or2(^— ^— j— 2(-y)=0 (4) 

Hence, the ordinates of the required arch may be directly calculated 
from the bending moments at the several sections of a girder of equal 
span and similarly loaded. 

Corollary 2. — ^If the section of the rib is uniform, / is constant, and 
equations (3) and (4) respectively become, 

I. ( de.bf)=0 and 2 (df.ep)- 2 (ef •)=0 

Corollary 3. — Let the 
axis of a rib of uniform 
section of span I and rise k, 
be a parabola, and let a 
single weight be placed up- 
on the rib at a point of 
which the horizontal dis- 
tance from the centre of the span is x. 

The linear arch now consists of the two straight lines DA, DO, and it 

32 ik I* 
is found, by applying the condition (4), that D F=-^ ' , 

Corollary 4. — If the a^is of the rib is semi-circular, instead of a 

Ml 
parabola, it is found that df is equal io-^ , i.e., is half the length of the 

rib. 

No linear arch, however, will even approximately coincide with the 
axis of a rib rising vertically at the springings, so that a semi-circular 
or semi-elliptical axis is not to be recommended. 

(io),— Value of JJ.— Let 
ADO be the actt^ linear arch 
of a rib of which the axis is 
ASO. 

Let DF, Uie maximum or- 
dinate of the arch,-=y 

Let X, be the horizontal 
distance from DF of jP, the resultant of the load between A and DF. 
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Let AF=x 

Take moments about D, 

/. F.j:— P.a,=J5r.y 

V and F', the yertical components of the thrusts at A and 0, are 
equal to the corresponding reactions at the ends of a girder of the same 
span and similarly loaded. The resultant thrusts at A and are there- 
fore VfnTS* ^^^ Vr^ + iTS respectively. 

The resultant thrust at any other point of the rib is now easily com- 
puted, and is resolvable into two components, the one normal to the sec- 
tion of the rib at the given point and the other in the plane of the sectipn. 
The latter gives rise to a shearing stress and the former (unless axial) 
to a uniformly varying stress. 

(7). — Process of designing 
a rib. — For a fixed distribu- 
tion of the load the axis of the 
rib should be made to coin' 
cide with a linear arch for that 
load. 

(Jenerally, ihe rib has to be designed to carry a live, in addition to a 
dead load, so that provision must be made for the stresses which may 
arise from every possible distribution of the former. 

Let MN be a number of equi-distant cross-sections of a given rik. 
Draw a linear arch for each of the following cases : — 

(l).-When the live load covers the whole of the bridge. 

(2) .-When the live load covers the middle half of ike bridge. 

(3) .-When the live load covers one-half of the bridge from one end. 

(4) .-When the live load covers three-fourths of the bridge from one end. 
Calculate the flange stresses in the different sections from the thrust in 

the nearest of the four linear arches, and add or remove metal according as 
the stress is excessive or falls below the safe limit. If the form (rfthe rib 
is much changed by this process, a second approximation must be made. 

(8). — Rib with ends ab- 
solutely fixed, — Let abo be 
the axis of the rib. The 
fixture of the ends introduces 
two unknown moments, and 
since H is also unknown, 
three conditions must be 
satisfied before the strength ! 
of the rib can be detennined. 

7 
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EIB WITH ENDS ABSOLUTELY FIXED. 



The linear arch, as shewn by the dotted lines, may fall above or be- 
low the points A and ; draw any ordinate df. 

Since the ends of the rib are absolutely fixed, the total change of in- 
clination of the rib between A and o must be zero. 

M 

But the change of inclination at any point E is — ^ approximately. 

-(^)=»-(f?) 

If the abutments are immovable the span a o is invariable ; if they 
yield, the total horizontal displacement between a and c may be found 
by experiment; let it=/i.JE?. 

(DE EP\ 
-^ j=0,or=^.JB? (2) 

The total vertical displacement between A and c must also be zero 
Referring to § 5 the vertical displacement of any point £ is lo. 

■R„* T^— AT AP_ikf.AF_J^.DE.AF 
ButLO=AL.---^= -^ 

Equations (1), (2) and (3), are the three equations of condition 

Corollary 1. — Let the 
axis of the rib be a parabola 
of span I and rise k^ and let 
the section of the rib be uni- 
form. 

Let a nngle weight be 
placed upon the rib at a 
point of which the horizon- 
tal distance from the centre of the span is x, 
the two straight lines da', do'. 

Let AA'=y„oo'=y„ and DP=y. 

Condition (1) gives. 

Condition (2) gives, 



(3) 




The linear arch becomes 
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Condition (3) gives, 

Solving these three equations, 

6, 2 Z+10.X, , 2 WO.X, 

..V=-.Aj, Vi= — • »» ana v. =-^ .As. 

^ 5 '^' 15 Z+ 2.x ' ^* 15 ^-2.x 

(9). — Effect of a change of temperature, — The variation in the span 
I of an arch for a change of f from the mean temperature is ± a,t,l, 
approximately, a being the co-efficient of expansion. 

Hence, if J7| is the horizontal force (thrust or tension) induced 1^ 
the change of temperature, the condition that the length A o is invariable 
is expressed bj the equation, 

H,l(^^)±a.t.l=0 (4) 

CoroUary 1. — Let a rib of uniform section of span I and rise Te be 
hinged at the ends, Fig. 6. The linear arch is the line A 0, and equa- 
tion (4) becomes. 

The greatest bending action is at the crown, and is equal to H^,k 
Corollary 2. — If tlie axis of the rib in the previous Corollary is a 
semi-circle, instead of a parabola. 

The greatest bending action is at the crown and is equal to H^^^ 

Corollary 3. — Let the ends of 
the rib in Corollary 1 be abso- 
lutely fixed. 

The linear arch is a straight 
line MN which must satisfy con- 
dition 1, in § 8. 

.*. the areas ahs and ont are 
together equal to the area sbt» 

and .*. MA=:NO=:i.A;. 
3 
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100 DEFLECTION OF AN ARCHED RIB. 

Hence, equation (4) becomes, 

.■.B.=^fKl'^. 

The maximum bending action =J3i. -. A:= f __. .EJ,^ 

3 2 A; 

CoroUary 4. — The co-efficient of expansion per degree of Fahren- 
heit is .0000062 and .0000067 for cast and wrought-iron beams, re^- 
pectively. Hence, the corresponding total expansion or contraction in a 
length of 100 ft., for a range of 60® F. from the mean temperature is 

.0372 ft. (=.— ) and .0402 ft.(^=ry 

In practice the actual variation of length rarely exceeds one-half of 
these amounts, which is chiefly owing to structural constraint. 

(10^. — Deflection of an j 
arched rib, — Let the abut- ] 
ments be immovable. 

Let ABO be the axis of the | 
rib in its normal position. 

Let ADC represent the posi- 1 
ticm of the axis when the rib is loaded. 

Let BDF be the ordinate at the centre of the span ; join ab, ad. 

...dp'^ad*- af»=ab*.( ) «^j.» 

Varc.AB/ 

-r> , arc.AB-arc.AD / 

But, =4v 

arc.AB E 

f being the intensity of stress due to the change in the length of the 

axis. 

...DF'=AB'.(l-/) -AP'=B.'-AB'. { 2. /-(/)'} 

.-. ab'. j 2. 4-(4) [ =BF* - 1>^'= (bf-df) (bf + df) 
= 2.BF. (bd) ., appiioximately . 
\jp) 18 also sufficiently small to be disregarded, 

ab" f ^"^I f 
.*. bd, the deflection, = — .^-^ ^ ^ 




bf^"" k E 
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(11). — Elementary de/armaHon of cm arched rib, — 





1 


■ / 


Y 


1 



The arched rib, represented by Fig. IS, springs from two abutments 
and is under a vertical load. The neutral axis PQ is the locus of the 
centres of gravity of all the cross-sections of the rib, and may be 
regarded as a linear arch, to which the conditions governing the equili- 
brium of the rib are equally applicable. 

Let AA' be any cross-section of the rib. The segment AA^P ia kept 
in equilibrium by the external forces which act upon it, and by the 
molecular action at AA\ 

The external forces are reducible to a single force at C and to a 
couple of which the moment M is the algebraic sum of the moments 
with respect to (7 of all the forces on the right of C. 

The single force at C may be resolved into a component T along 
the neutral axis, and a component S in the plane AA\ The latter has 
very little effect upon the curvature of the neutral axis, and may be dis- 
regarded as compared with M. 

Be/ore deformation let the consecutive cross-sections BB^ and AA' 
meet in i^ ; jf? is the centre of curvature of the arc C(T of the neutral 
axis. 

After deformation it may be assumed that the plane AA' remains 
unchanged, but that the plane BB' takes the position B"W\ Let AA! 
and B"B*' meet in i? ; 22' is the centre of curvature of the arc C(j 
after deformation. 
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102 ELBMENTABY DBFOBMATION OF AN ABCHBD BIB, 

Let ahc be any layer at a distance z from C. 

Let CC^ASy CR^R, CR^R, and let Aa be the sectional area of 

the layer ahc. 

•D„ . ., - ac R •\- z .ah R + z, 

By sinular figure8,-= -^, and -= -^ 

/. 6c=ac-a6=sA».2f.(-^ — =-| 

The tensile stress ina6c = -RAa.~7-=jE;.Aa.^(-^ ^ 

ah ah \R R/ 

= E.Aaz. ^^- - —^ , very nearly. 

The moment of Uiis stress with respect to C=E.Aa,z\ \ r^ — -n\ 

\R R ) 

Hence, the moment of resistance at AA^ 
the integral extending over the whole of the section. 

Again, the effect of the force I* is to lengthen or shorten the element 
C(j^ so that the plane BB* will receive a motion of translation, but the 
position of R is practically unaltered. 

Corollary 1. — Let A be the area of the section AA\ 

T M z 
The total unit stress in the layer a6c==jpg- ^j_ ' » (2) 

.the sign being jpZiM or minus according as if acts towards or from the 
edge of the rib under consideration. 

From this expression may be deduced, (1). — ^the position of the point 
at which the intensity of the stress is a maximum for any given distri- 
bution of the load, (2). — ^the distribution of the load that makes the 
tensity an absolute maximum, (3). — the value of the intensity. 

C<yrollary 2. — Let w be the total intensity of the verticul load per 
horizontal unit of length. 

Let tOj be the portion of w which produces only a direct compression. 

Let JJbe the horizontal thrust of the arch. 

Let jP be the total load between the crown and AA' which produces 
compression. 

Refer the rib to the horizontal OX and the vertical OPY as the axes 
of X and y, respectively. 
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Let X, y, be the co-ordinates of C. 

:. P=^'£, ; but dP=w,,dx 

:. ir.=^.g (3) 

^^ ^=^1 (4) 

(12). — General equations. 

Let Xj y, be the co-ordinates of the point C be/ore deformation. 
" x'y, " " " " after " 

" 6 be angle between tangent at C and OX before deformation. 
" B'(=:d-.£id) « " " after " 

^^ ds be the length of the element CO before deformation. 

^/ece 0/ flexure. -^ = ;^» and-^= ^ 

if 1 1 dd' de ds'^dd 

'Mds 



••• A^=0-a'=A0« 



r'Mds ^ 



A&0 being the alteration, of slope at jP, which has yet to be determined. 
Again, cos B'z^cos (e - Ad) ^ cos 6 + A6,sin0 
and sin e'^sin(0 - AS) = sin 6 - AO.cos 6 

Effect of T and of a change of If* in the temperature, — 
ds is compressed by T, and . * • its new length due to the compression 

Li order to make allowance for the change in temperature, this last 
expression must be multiplied by (1 + a.t)^ a being the co-efficient of 
linear dilatation of the material of the rib. 

Hence, by equations (6), 

dx'z=i{da:-\-6.e.dy),(l--'-^-^,(\±a,t) 

T 

=c& + A d.dy - -=-"dx±a,t,dx^ approximately. 
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104 GENERAL EQUATIONS. 

and rfy'= (dy - a e.dx), (l - ^) (1 ± a.t) 

T 
= dy^£^e,dx^-^~.dy±a.tdy, approximately 

or, dx' - dx=^ e.^.dx - ~.dx ± a.t.dx 
CKB E,A 

»nddy'-^^-A e,dx -JL.^.dx±a.t.f.dx 
jb,A dx dx 

o o o 

Let I be the span of the arch. 

Let 2>o(=0),y^, be the values of a;,y, at P. . 

Let A ^„ »!, yi, be the values of A ^, ac', y', respectively, at Q. 

J^M ds 
Ml-^-^ (10) 

o o o 

».-y.=/A<».c&-j'^.|-.«fc±jL.«.-|^ (12) 

Again, die general equations of equilibrium at the plane AA' are, 
<PM_dS . ._ / „dV\ (13) 

for the portion toj, Cor.3,§(ll), produces compression onty and no shear, 

So being the still undetermined vertical component of the shear at P, 
and ^ the slope at P, 

and, if- iC+5',x-J^r;^(&»+ JT.(y-.y^^x.^ (15) 

o o 

-^tf being the still undetermined bending moment at P. 
Equations (8), (9), (14) and (15) contain the fow undetermined 



constants H, S,, M.,^e^ T being H.^ 
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BIB OF UNIFOBIC STIFFNESS. 105 

LetiV,, Si, be the yalues of Jf and 8y respeotiyelj, at Q, 
Equations of condition, — In practice the ends of the ifib are either 
fioced otfree. 

If they are fixed A 5o=^) i^ *bey are free Jlfo=0. In either case Uie 
number of undetermined constants reduces to three. 

If the abutments are immovable, Xj - Z=0. If the abutments yield, 
x^-l must be found by experiment ; let x^-l =ifiM, fi being some co- 
efficient. 

The first equation of condition is as, — ?=0, or, x, - l=rfi,jff (16) 
Again, Q is immovable in a vertical direction. 
The second equation of condition is, y, - ^^=0 (17) 

Again, if the end Q is fixed, Adj =0, and if free, JIf, » 
The third equation of condition is A^,=0, or if, =0 (18) 

Substituting in equations (14) and (15) the values of the three con- 
stants as determined by these conditions, the shearing force and bending 
moment may be fi>und at any section of the rib. 

(13). — Rib of uniform stiffness. — Let the d-epth tJid sectional form 

of the rib be uniform, and let its breadth at each point vary as the 

secant of the inclination of the tangent at the point to the horizontal. 

Let Aij /i, be the sectional area and moment of inertia at the crown 

« A, I, " " " at any point C. 

:.A=A,.aeQe=A,,^ (19) 

Also, since the moments of inertia of similar figures vary as the 
breadth and as the cube of the depth, and since the depth in the present 
case is constant, 

.•./=/i.sec(?=/,.^ (20) 

Again, -j= -^ » — , and the intensity of the thrust is con- 

stant throughout. 

Hence, equations (5), (8), and (9), respectively become, 

^<>=^9,-^.j^Mdx (21) 










A». «ir - ^g-jj (jf -yo) ± a-t- (if -y.) (23) 
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PABABOUC BIB OF UNIFOBM DEPTH AND STIFFNESS. 



Equation (21) shews that the deflection at each point of the rib is 
the same as that at corresponding points of a straight horizontal beam 
of a uniform section equal to that of the rib at the crown, and acted 
upon by the same bending moments. 

Ribs of uniform stiffiiess are not usual in practice, but the formulae 
deduced in the present article may be applied without sensible error to 
flat s^mental ribs of uniform section. 

(13). — Parabolic rib of uniform depth and $tiffnesSj with rolling 
had; the ends fixed in direction; the abutments immovable. 




Let the axis of x be a tangent to the neutral curve at its summit. 

Let k be the rise of the curve. 

Let Xj y, be the co-ordinates at any point C with respect to 0. 



^.h(l V 
-, dy _ %h /I s «?yo_ 4. A; dy^ _^.k gpySA; 



(24) 
(25) 



Let to be the dead load per horizontal unit of length. 
Let»' " live " " " " " 

Let the live load cover a length DE, — r. I, of the span. 
Denote by (^A) formols relating to the unloaded division OE, and 
by (.B) formulae relating to the loaded division DE. 
Equations (14) and (15) respectively become, 

5=5.+ (^—p tr^.x 



(5) 



S=S. + (^^ - w) . X - «'. j» -(1 - r).l\ 
M^M, + S^x+ (^-y — wy^ 



(26) 
(27) 
(28) 
(29) 
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PARABOLIO BIB OF UNIFOBM DBPTH AND STIFFHBSS, 107 

Since the ends are fixed, A^o = 0=! a (?i (30) 

Hence, by equations (21) and (28), 

iA) A.= -^.\m...^84^ (^^- «).^! (31) 

and by equations (21) and (29), 

+ (8^_.)«^_|V-(l-0.Jf! (32) 

When x=l, A#=A9,=.0, and therefore by the last equation, 

0=JC + 5'„-2+ (-F— «').-6-T-'^-'^ 



(33) 



Again, let A^s=— -i 
6to 



But A ^, = 0, and-^= -=-» 

o o o o 

By the conditions of the problem, a/ - a and y' - y are each zero at Q. 
Hence, equations (22) and (23) respectively become, 

0= ^^ype.da^ --^.Z ±a.tl (35) 

o o 

0=-/'^e.dx (36) 

Substitute the value of A 9 in equation (32), and integrate between 
the limits ; 

rr 
which may be written, 

«-'. 4-'^ C-^- ")i- ■^■-"^IB- t¥' <^'> 

^d,0=*.4.<.C-^-.)-f,-»v/, (38) 
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106 PABABOLIO BIB OF TTNIFOBH DKPTH AND STDTNBSS. 

Equations (33), (37), and (38), are the equations of condition. 

Subtract (37) from (33), 

. So, /Sk.H \7_ ,_/r' f^\ 3HI,_^_a.tE.I, 

Subtract (37) from (38), and multiply the result by 3, 

„ So, /8k.H \P ,„/r* 3.r»x 9 H.I, 3 E.I, ..^. 

Subtract (39) from (40), 

Hence, g^ ^« ^\ l^\ ^ L^ ^ (42) 

*.(l + l?j!_) 

Eliminating So between (33) and (38), 

By equation (29), M eX Q is, 

-i.r.^3C + 5,J.+ (?M-«,)|-|:.r«.P r44) 

Eliminating 8^ between (33) and (44) , 

Substitute in this equation the value of M^ in (43), 

...-Jf.= (_-^.).^^.^.p(^^_+j) (46) 

To find the greatest intensity of stress, etc, — 

T S 
The intensity of the stress due to direct compressions^-. =_ . 

A Ai 

The intensity of the stress in the outside layers of the rib due to 
bending is the same as that in the outside layers of a horizontal beam of 
uniform section Ai acted upon by the same moments as act on the rib, 
for the deflections of the beam and rib are equal at every point, (Equa- 
tion 21). Also, since the rib is fixed at both ends, the bending 
moment due to that portion of the load which produces flexure is a 
maximum at the loaded end, i.e., at Q. Hence, the maximum inten- 

sity of stress (jpi) oooura at Q, and jpi= — i M^.-J (47) 

Ai A 

«i being the distance of the layers from the neutral axis. 
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H and M^ are both functions of r, and therefore jpi is an \h90lute 

macwmum when %' =0=1.^±1».^» 
dr A, dr I^ dr 

But, by equation (42), 

tr'.P.— .r».(r-l)» 

and by equation (46), 

^'=l*f-«''^-*-('-^)^ (50) 



(48) 



(49) 



1.2,.x'"'4'^('-^>' 



^ 4 A,.ky 



(51) 



which may be written. 

The roots of this equation are, 

r=landr=±.2_lA^ (5^) 

5?..J!_ ±1 
2 Ai^Zi.k 

rs=l makes -^ zero, so that the maximum value of p corresponds to 
dr 

one of th3 remaining roots. 
Hence, the nuiadmum thrust:=liXS + ^ -M^^ ^p\ (54) 

die values of H and Mi being obtained by substituting in Equations 
(42) and (46), 

1 ^^^ ^» 
^l_lA^ (55) 



1 -^. 



2 ^j.zi.ik 

and the moxtmum tension =-—.(- J + —1* if, ) =^"i (56) 

A, \ / / 

the values of iT and if, being obtained by substituting in Equations 

(42) and (46), 
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1.46 /. 



2 ili.ZpA: 

Equation (54) will give the proper sectional area when the depth 
and form of the rib have been fixed. 

If Equation (56) gives a negative result there is no tension at any 
point of the rib. 

Corollary 1. — The moment of inertia may be expressed in the torm, 

q being a co-efficient which depends upon the figure of the section. 

.-. the maximum thrust = — (H -*• — *^ (58) 

and the corresponding value of r is, 

2 1*^*5? 2 6 (59) 

r =r'__l-_L=--, suppose. ^ ^ 

5 1 3 «j 5 c "^^^ 

By (42), JT = 5^-^ ^g^^ 

By (46), ilf. = . 1^.^.^^.'.^. (J- 1^ 4) 
15 „ a' 6 ^^.7, ,„/5. 5^ t'n 

.n^.j^^^/l. 1B^\ SO;*^// agr-ZA 

• '■^j.a, 8.6'U 2>/^4'^:;;Xr\ 2X^ 
w'.P (y.«, /5 . 16 . 3 .\ /'6 . 5 , r'x) w'.P /r' 2 . »-*\ 

+ i:^lnr(r'-T-''W-U''-i-^^2)!^i:r("3^-'^>^ 

f l_3.?fl-\ 
_ w.P/1 16gi\ 6 a.<..g./, c w^P{5 6 r«) 3 _2* f 

8.6 U 2 W*^' g.2,.* T j.«,' jr 1 *2J (. 6 ) 

+ ^;(2-3*'^r) 

But 1 - sS- =c and r=^- 
2 A; 5c 

••^^■♦•j/:^- 8:6U+ T;?;-*-2^:i;xi--*-7i^\6-r^;<"> 
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1 ILT * 

Hence, n\, the maximum thrust = — r • ( fli + — - ) 

Ai \ q.Zi / 



1 15j^ 
0. p k^ 2> 1 a.t.E.I^ to'.P 



Similarly, p'\^ the maa;tmi«m tensum = -r- ( - j/?i + — ^ ) 



(62) 



15 a, _ 1 

CoroUary 2. — Let the depth of the rib be small compared with k. 
.'. j^-is a small fraction, and the maximum valne of j>, both for tension 

2 

and compression corresponds to r = ^, approximately. 

Hence, equations (62) and (63), respectively become, 

, _ 1 (w.Z»/l 15 z,\ _b a,tEJ^ 54 to'.Pj . 

^» " A ("FU "^ T'rv "^i'T^^jT"^ 3l25'^j ^^-^ 

„ 1 (w.P / 1 15 z,\ ^ 5a.t^.7i 54 w'.P) ,_^ 
^ » = i;|'r-V'^ifc ^ 2-'T»;^ 4"^V^+ 312577J (^^^ 
CoroUary 3. — If 2 6>5.c, then r must be unity. 
Equations (42), (46), (62) and (63), in this case respectively be- 
come, 

,, ?w + w'45 z\ 5 EJi 15-w+w' «? ^a.tE.Z^^^^ 

^'=-^<'=T2~r-T-^-F±r-^yF=T6-^-— -^i^^^ 

1 15^ 
, 1 iw.P k"^ 2'k!'_^la.t.EJ, 1 w\P) 
^> = Xi"8 b '^2^^ ■*"20'7J.I (^^) 






1 15^ 
"Aj"*" 2> la.t.EJ, 1 K^'.P 



J_.!?jr} (69) 

20 azJ ^ ^ 



6 2 g'.^i.^ 20 qzi) 

Corollary 4. — A nearer approximation than is given by the preced- 
ing results may be obtained as follows : — 

Let X +dxyy + dy, be the co-ordinates of a point very near C before 
deformation. 
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112 PARABOLIC RIB OF UNIFORM STIFFNESS. 

Let x' + dx\ y* + dy\ be the co-ordinates of a point very near C after 
deformation. 

/.c28' = c£cc' + d:y*and ds'* = dx'* + dy'* 
.'.ds'^^d^ = dx'^-da^ + dy'^-dy'^ 
or, ids' - ds), (ds' + d8)^ {dx' ^ dx), (<fo/ + db) + ((fy - dyXdy' + dy) 
,\ (cfe' - d8),ds=(dx' — dx).dx + (dy' - dy)dy^ approximately. 

.•.cfe'-(fo; = (cfe'-(is).^- (dy'-dy),'k 
dx dx 

jiVL^dy' "dy^ids' -ds)^^^ -- (dx'^dx).^ 
dxdy dy 

Hence, by Equations (6) and (7), 

dx'^dx^.M^^dx-^jf\\dx-^x(^\\dx 
dx E,A \dx/ "~ \dxJ 

■■■-'=/-i---/£.(i)--^/(i)"* 
„d,.-,=-/i.*-/'/^(i)-.|.^.,/-(i)-|.- 

o 

These equations are to be used instead of equations (8) and (9j, the 
remainder of the calculations being computed precisely as before. 

(14). Parabolic Rib of uniform stiffness^ supported at the ends, but 
not fixed, — 

Let the rib be similar to that of tihe preceding article, but let its ends 
be free. In this case M^=Mi =« 0, while A 5 is an undetermined con- 
stant. 

The following equations apply : — 

(A),S=5.+ (^-«).» (26') 

(5) S=S,+ (^^- «)x-w'.{!B-(l-r).J} (270 



iA)M^S^+(^^-v>y^ (280 

(5) M^S^<,+ (^- «,)|- |:^-(l-r).^ (290 

(^).«=...-i{4.(«4?-.).^ (310 
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Assame that the horizontal and vertical displaoGmentg of the loaded 
end are nil. Substitate the value of A 6 from (32^ in (35) and (36) ; 
int^rate and reduce, neglecting the term involving the temperature. 

From (29'), since i(i=0, 

,-,0=,sr..(«:^-.)i-«'4 (70) 

Equations (37'), <<38'\ and (70), are the equations of condition. 
Subtract (38') from (37'), 

which may be written. 

Subtract (71) from (70), 

p. U + |-'-(6y - 5.»^ + 2y) j 

Elimina^g ^^ between (38') and (70), 

Also, by (27'), 

Si = S.+ (^^- «) J- v/.rj= - P, suppose. (75) 

Eliminating 8, between (70) and (76), 

.•.-^=«=(?^-.).|-^*(,-f) (,6) 

(70), (73), (74) and (76) give the values of JT, ««, >Si, and ^ 
Again, the maximum bending moment if occurs at a point given by 

^=0in(29'). 

.-. 0=5-.+ (jY^- «).»-«)'.{»-(l -r).Z j (77) 

8 



H=- 
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Subtract (77) from (75), 

Hence, the distance from the loaded end of the point at which the 
bending moment is greatest is, 

P 



w + w' — 



S,k.ff (78) 



Substitute this value of » in (29'), and, for convenience, put 
, S.k.H 

\ mj A \ m) 2 \ m / 

But by (70), 0=S, + !^^.Z-|-Vj 

P P^ / m\ P^ 

^ "^ m^ ^ rf? \ 2/ 2.W 

P^ (79) 

Hence, if, the nusximum bending momentj= — q , „> 

2.(«, + «'-^) 

As before the greatest stress (a thrust) z=-j- 1 H^-j-^.M j =p\,(SO) 

and the value of r which makes p\ an absolute maximum is given by 

-J-i=0. But by (79), M' involves r*® in the numerator, and r* in the 

c?»' 
denominator, so that ^=0, will be an equation involving r". 

One of its roots is r=l, which generally gives a minimum value of 

p\. Dividing by r- 1, the equation reduces to one of the thirteenth 

order, but is still far too complex for use. It is found, however, that 

r=^ gives a close approximation to the absolute maximum thrust. 

15 7 1 
With this value of r, and, for convenience, putting 1 + -i^-} • m~^' 

B,<7«), &=!{(. 4)i^-«'}, (8.) 
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B,(,6), -«=F4{(..f)."-^.^7. (83, 

%(«), ..=^{(.4).'^.^}. (84) 

I w \ n— L w 



t* ( f w'\ n-l w')» 
/ w'\ «-l to' 



By(79) Jr=-i-i^ --^-^ —' ^^^^ 



(15). — Parabolic Rib of uniform stiffness hinged at the croum and 
also at the ends.-In this case M^z at the crown, which introduces a 
fourth equation of condition. 

By(29'), 0=S..^+^-^-t.j.g-— .(-- + rj 

which may be written, 

Eliminating S„ between (85) and (70), 

.-. ?:^ _„=.«,'.(_ 2r» + 4r - 1) 

Hence, ^=g^- 1 «? - 'M''.(2r' - 4r + 1; l (88) 

By (87), 5„=-^'.(3r'-4r+l) (89) 

By (76), P=S,=^\(r-iy (90) 

By (74), A e.=^^(l - 4.r + 4^ - r«) (91) 



^'.(.-1)« , 



By (78) and (90),;-»= ^^, ^^ _ ^^, = -^ 
16 



(92) 



By (79), ilf='^.(r-l)' (93) 
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116 MAXIMUM DEFLECTION OF AN ABCHED BIB. 

When r=i, 

These results agree with those of (81) to (86), if w=l. 
In general^ when n=l, ^ 

^ + !l (5.r» - 5.r* + 2y)=ir - «^' (2.r» - 4.r + 1), by (73) and (88) 

/.2y-5.r* + 9.r» + 8.r + 2=0=(2.r-l).(r-l)«.(r*-2), 

and the roots are, r=5, r=l, r= ± V2. 

Hence, n = 1 only renders the expressions in (94) identical with the 
corresponding expressions of the preceding article when n=J or 1. 

Again, the intensity of thrust is greatest at the outer flange of the 
loaded and the inner flange of the unloaded half of the rib, and is 



=oA7;-8--^;tr-^2)i 



The intensity of tension is greatest at the inner flange of the loaded 
and the outer flange of the unloaded half of the rib, and is 



=o;aT^xr-^2Jl 



The greaiett total horizontal thrust occurs when r=l, and its value is 

(16). — Maximum deflection of an arched rib, — The deflection must 

necessarily be a maximum at a point given by A 0=0. Solve force and 

substitute in (9) to find the deflection y' — y ; the deflection is an ahso 

d 
lute maximum when -j- • (y ' - y ) = 0. The resulting equation involves r 
dr 

to a high power, and is too intricate to be of use. It has been found by 
trial, however, that in all ordinary cases the absolute maximum deflec- 
tion occurs at the middle of the rib, when the live load covers its whole 

length, t.e., when x = ~, and r=:l. 



Case I. — Jfit o/§(13).-For oonyenienoe, put 1 + ~r-T'^—* 
P w + w ' 16 ajEJt 

o r -1* ~w 



:. By (42), 



H= 



(96) 
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d,=^d, (101) 
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By (43) and (46), -M,=:^^(y, 4- «,').-^^t|-^^'= - Jf. (96) 

By (38) and (43), ;Sr.= - 6.:^ (97) 

By (32), (43), (97), Atf= - i^- (^M,j^-Z.M,^^2mS^ (98) 
Hence, the maximum deflection 

Jo' 

/* to + w' «-l_ 5 a.fZ* , .^^. 

=^-EJ, ■— ^^[28 Tr '^' ^PP^- (^^> 

The central deflection e^ of a uniform straight horizontal beam of 
same span, of same section as the rib at the crown, and with its ends 
fixed, is. 

Hence, neglecting the term involying the temperature, 

d.=^ 

Case 11.— Rib o/§(14).— 

By (74) and (70). ^.=^^.(« + «').^=j^^(103) 

By (32), (102) and im, ^^=~}- (r^-p £) (IW) 

Hence, the maximom deflection 

-j^J ' (r2--2 -o)'^=384-:e<'"-^'">-— -'^' (^<>'^) 

If the ends of the beam in Case I are free, its central defection 
6 ?*(io + wO - 
"384" E.I ' " 

.•.d', = — .r, ' (106) 

Thus, the deflection of the arched rib in both cases is less than that 
of the beam. 
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118 HOEIZONTAL DISTRIBUTING GIRDER. 

(17). — Arched rib of uniform stiffness fxed at the ends and connected 
at the croton with a horizontal distributing girder (See §(2). — The 
load is transmitted to the rib by vertical struts so that the vertical dis- 
placements of corresponding points of the rib and girder are the same. 
The horizontal thrust in the loaded is not necessarily eqiial to that in 
the unloaded division of the rib, but the excess of the thrust in the 
loaded division will be borne by the distributing girder, if the rib and 
girder are connected in such a manner that the horizontal displacement 
of each at the crown is the same. 

The formulae of § (13) are applicable in the present case with the 
modification that /^ is to include the moment of the inertia of the girder. 

The maximum thrust and tension in the rib are given by Equations 
(64) and (65). 

Let z ' be the depth of the girder, A ' its sectional area, 

The greatest thrust in the girder = -j jy + ^ ' (1^7) 

tension '^ = .^~ (108) 

^and Ml being given by Equations (66) and (67), respectively. 

The girder must have its ends so supported as to be capable of trans- 
mitting a thrust. 

(18). — Semi-circular timber rib, hinged at the ends. 

Let P C § be the axis of such 
a rib. Consider a portion CC" 
bounded by vertical planes at C 
and (7. 

Let X, y be the co-ordinates of 
C" with respect to C. 

Let r be the radius of the semi- 
circle. 

Let w be the intensity of the 
load which is assumed to be uni- 
formXy distributed horizontally. 

The moment of resistance of the rib at (7'=the algebraic sum of the 
moments of the thrust at C, and of the weight upon C(7, with respect 
toC". 

:.M=-H.y + —^ 
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w. r 




At either end, x=y^-r, and M= 0. /. -^— |- 
alsox»=y. (2.r-y) 

if is a maximum when 3^ = — , its value then bemg— g— 

In the horizontal tangent at (7, take CG^^] § ^ wiU be the direction 

of the resultant thrust at Q. 

(19). — Stresses in spandril posts and diagonals. 

Fig. 16 represents 
an arch in which the 
spandril consists of a 
series of vertical posts 
and diagonal braces. 

Let the axis of the 

curved rib be a para- ^ 

bola. The arch is then equilibrated under a uniformly distributed 
load, and the diagonals will be only called into play under a passing 
load. 

Let X, y, be the co-ordinates of any point F of the parabola with re- 

4.A; 
spect to the vertex c. .*. y = -72" ^* 

Let the tangent at F meet C BmL^ and the horizontal B E in G, 

Let BC=^k' ,\BL = BC-GL^BG--GN=k'-y. 

Let iV'be the total number of panels. 

Consider any diagonal E D between the n-th and (n + l)-th posts. 

Let w' be the greatest panel live load. 

The greatest compression \nED occurs when the passsng load is con- 
centrated at the first rv-l panel points. 

Imagine a vertical section a little on the left of EF. 

The portion of the frame on the right of this section is kept in equili- 
brium by the reaction i? at P and by the stresses in the three members 
met by the secant plane. 

Take moments about G. 

.-, D.GE.cos e=R.AG, 
D being the stress in BE, and B the angle DEF. 
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120 METHOD OF DETERMIKINO RE&ULTANT THBUSTS. 

and /. GE^GB-^-x = — =^, and GA^-^ + ^r — ^ 

2.y ' 2 2.y 

_ r^ «^' w.n — 1 Zy + A;'.x —x.y 
Hence, i>=-7r- — xr^'-^f -.seed 

The stresBes in the counter braces, (shewn by dotted lines in the Fig.), 
may be obtained in the same manner. 

The greatest thrust in EF = w' + w 
" " tension " ^ D.cos9^w, 
v> being the dead loadnpon EF, 

If the last expression is negative, EF is never in tension. 

(20) — Clerk MaxweWs method of determining the resultant thrusts 
at 4he supports of a framed arch. 

Let A « be the change in the length s of any member of the frame 

under the action of a force JP, and let a be the sectional area of the 

member. 
p 
,\ zt-rT"-' = ^*> *^® sign depending upon the character of the stress. 

Assume that all the members, except the one under consideration, are 
perfectly rigid, and let M be the alteration in the span I corresponding 

to A<. The ratio — is equal to a constant m, whieh depends only upon 

the geometrical form of the frame. 

Again, F may be supposed to consist of two parts, viz., f due to a 
horizontal force ff between the springings, and /, due to a vertical 
force V applied at one springing, while the other is firmly secured to 
keep the frame from turning. 

By the principle of virtual velocities, 

E AS 
Similarly,*^ is equal to some constant n, which depends only upon 

the/orm of the frame. 

/. AZ=:di (m».ir + m.n.F)=^ 



' E.a 
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METHOD OF DETERMINING RESULTANT THRUSTS. 121 

Hence, the total change in I for all the members is, 

If the abutments yield, let ^M^/i.B, fi being some co-efficient to be 
determined by experiment. 

^ ±^("»«-^£) (A) 

If the abutments are immovable, 2.AI is zero. 



H^j-g) 



and jEr= 7-- — 7-T 

F is the same as the corresponding reaction at the end of a girder of 
the same span, and similarly loaded. The required thrust is the 
resultant of H and F, and the stress in each member may be computed 
graphically or by the method of moments. In any particular case pro- 
ceed as follows : — 

(l).-Prepare tables of the values of w and n for each member. 

(2).-A8sume a cross-section for each member, based on a probable 
assumed value for the resultant of F and H, 

(3).-Prepare a table ofthe value of w'.^ for each member, and 

form the sum 2 [ wi'.^ J , 

(4) .-Determine, separately, the horizontal thrust between the spring- 
ings due to the loads at the different joints. Thus, let v^, v, be the 
vertical reactions at the right and left supports due to any one of these 

loads. Form the sum ^(m,n. F. ^r- ) rising v^ for all the members on 

the right of the load and v, for all those on its left. The corresponding 
thrust may then be found by Equation (A) or Equation (B), and the 
total thrust R is the sum of the thrusts due to all the weights taken 
separately. 

(5).-Repeat the process for each combination of live and dead load 
so as to find the maximum stresses to which any member may be sub- 
jected. (§1). 
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122 METHOD OF DBTEEMINING KESULTANT THBUSTS. 

(6) .-If the assumed orossHsections are not suited to these maxixaum 
stresses, make firesh assumptions, and repeat the whole calculation. 

Note^The same method may be applied to determine the resultant 
tensions at the supports of a framed suspension bridge. 



Note The formulas for a parabolic rib may be applied without 

material error to a rib in the form of a segment of a circle. More 
exact formulas may be obtained for the latter in a manner precisely 
similar to that described in Articles 13 to 17, but the integrations will 
be much simplified by using polar coordinates, the centre of the circle 
being the |^le. 
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CHAPTER VI, 



DETAILS OP CONSTRUCTION. 



(1). — Chords of main trusses and floor beams, — The chords of a main 
truss are to be designed for a uniform distribution of tiie live load over 
the whole of the bridge. 




Firsts let the depth of the truss be uniform throughout. Draw the 
curve of bending moments ACEGKMOQStoa given scale. Any ordin- 
ate of the same curve may, by altering the scale, be made to represent 
the thickness of the chord at its foot. 

Erect ordinates 1 o, 2 e, 3 6«««at each panel point, and complete the 
rectangles BS, dq, fo, and hm. The broken outline abodefghlm 
O P Q R s is a delineation of the least admissable thickness of the chord at 
different points in its length. 

The floor-beams of a highway bridge are subjected to a distribution of 
load which is approximately uniform, and may be designed in the same 
manner. 

Theoretically, the thickness of the chord at the ends is zero, but in 
practice it is made equal to that at the nearest panel point. 

Next, let the depth of the truss or beam vary. Draw the bending 
moment curve to such a scale that its greatest ordinate coincides with 
the central depth. K this curve be taken as the axis of the chord, the 
thickness of the latter is constant. 
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PLATFORM. 




Let ^ 5 be 
the bending mo- 
ment curve for 
the tension flange 
of a floor-beam 
for a highway 
bridge, the cen- 
tral depth of the 
beam being H 

(Fig. 2). AOB\a the axis of the curved flange, but, in order to avoid 
the difficulty of curving, the flange is often constructed in three straight 
pieces AG, CD, DB, tangential to the curve. 

In railway brid- 
ges, the live load is 
concentrated at sin- 
gle points of the 
floor beams. Thus, 
for a single track, 
the bending mo- 
ment curve is the 
broken line ACDB 
(Fig. 3), the load 
being applied at the 
two points E and 
F, while for a 

dovhk track the curve is the broken line AG G D H B,\h% load being 
applied at the four points iT, E, F, and X, (Fig. 4). 

As before, if JET is the central depth of the beam, the broken line 
in each Fig. is the axis of the corresponding tension flange, which may 
therefore be made of three straight pieces for the single, and oifive for 
the double track. In the latter case, however, the flange is generally 
made of the three straight pieces, AM, MN, NB, 

The depth of a floor-beam may vary from i-th to J-th of its clear span, 
and should be made as great as possible. 

(2). — Platform, — The floor of a highway bridge is laid upon a series 
of stringers, which run parallel to the centre line of the bridge, are 
spaced 2-ft. centre to centre, and are supported by the floor-beams. The 
latter are consequently loaded at several equi-distant points, and the dis- 
tribution of the load may be assumed to be approximately uniform. In 
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PINS. N^^U' 0'P> 

a railway bridge a stringer is usually placed underneath eacCImeof 
rails, and is supported by the floor-beams, which may, therefore, be loaded 
at two ox four points according to the number of the tracks. 

The entire platform may be constructed of timber wherever such 
material is abundant. The floor of a narrow bridge, for example, may 
consist of strong planks stretching between the main trusses, or, better 
still, ihe planks may be laid upon timb^ floor-beams. These floor- 
beams, for a single-track bridge, are often 12-ins. wide by 9-ins. deep, 
and are spaced about 3-ft. centre to centre. The raOs are laid upon 
longitudinal stringers which are about 12 ins. wide by 9-ins. deep, and 
are notched and spiked to the floor-beams. In all such cases the main 
trusses should be braced together with iron tie-rods. 

A timber platform may be set on fire by the cinders from a locomo- 
tive, and it is sometimes necessary to protect the surface with iron 
plates, gravel, etc. If there is any traffic underneath the bridge the 
planks should be tongued, and the joints caulked, so as to prevent leak- 
age. 

The entire roadway is rarely made to depend upon timber only, 
except in the case of small bridges. The longitudinals and floor-beams 
may be of wrought-iron or steel, and are nearly always /-shaped in 
section. Rolled joists, from 4-ins. deep and 18-lbs. per lineal yd. to 15- 
ins. deep and 200-lbs. per yd., may be obtained in the market at a 
reasonable cost, and are recommended as floor-beams. In railway 
bridges, however, built plate-beams are more common, as they can be 
connected to the main trusses with greater ease and effect In design- 
ing these plate-beams, the dimensions of the plates should be kept as 
uniform as is practicable, and should be such as are obtainable in the 
market, special sizes invariably adding to the cost. 

The floor is often made of timber for the sake of economy and light- 
ness, but a floor of curved, corrugated, buckled, or flat plates stiffened 
with angles or tees, will add to the strength and durability of the whole 
bridge. 

.Cast-iron floor-beams have been rarely adopted except in cast-iron 
bridges. 

(3). — Pins, — One of the most important members of a bridge con- 
structed on the pin-system is the eye-har^ or link^ which is a flat bar with 
enlarged ends, having eyes for the insertion of bolts or pins. The eyes 
are forged in the ends under hydraulic pressure, with suitably shaped 
dies. Careful mathematical and experimental investigations have been 
undertaken to determine the proper dimensions of the link-head and pin. 
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PINS. 




In consequence of the complex character of the stresses deyeloped, an 
exact mathematical solution is impossihle, hut approximate results may 
be obtained which differ very little ^m the results of experiment. 

Let d be the 
depth, and t the 
thickness of the 
shank of the eye- 
bar represented in 
Fig. 5. Let S be 
the width of the 
metal at the sides 
of the eye, and H I 
the width at the 
end. Let D be the 
diameter of the pin. 

The proportions of the head are governed by the general condition 
that each and every part should be at least as strong as the shank. 

When the bar is subjected to a tensile stress the pin is tightly em- 
braced, and failure may arise from any one of the following causes: — 

{a), -The pin may he shorn through. 

Hence, if the pin is in double shear, its sectional area should be at 
least o?i€-Aa(/*that of the shank. 

It may happen that the pin is bent, but that fracture is prevented by 
the closing up of the pieces between the pin-head and nut ; the efficiency, 
however, of the connection is destroyed, as the bars are no longer free to 
turn on the pin. 

In practice, Dior flat bars, varies from --di/o -d but usually lies 

between -r'd and -=-'d, 
4 5 

The diar. of the pin for the end of a round bar is generally made equal 
to l|-times the diar. of the bar. 

The pin should be turned so as to fit the eye accurately, but the best 
practice allows a difference of from ^^ to jyy in the diars. of the pin and 
eye. 

(b).-The link may tear across MN". 

Hence, the sectional area of the metal across MNmnst be at least equal 
to that of the shank, and in practice is always greater. 

S varies from 2q'^ *^ "q'c? 
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The sectional area througli the sides of the eye in the head of a round 
bar yaries from l^times to twice that of the bar. 

(c).~Thep{n may he torn through the head. 

Theoretically^ the sectional area of the metal across PQ should be one- 
half that of the shank. The metal in front of the pin, however, may be 
likened to a uniformly loaded girder with both ends fixed, and is subjected 
to a bending as well as to a shearing action. Hence, the minimum value of 

3 
H has been fixed at -^-d, and if H is made equal to d^ both kinds of action 

will be amply provided for. 
. {d),-The hearing surface may he insufficient. 

If such be the case the intensity of the pressure upon the bearing 
surface is excessive, the eye becomes oval, the metal is upset, and a 
fracture takes place. 

In practice, adequate bearing surface is obtained, by thickening the 
head so as to confine the maximum intensity of the pressure within a 
given limit. 

(e).-2%c head may he torn through the shoulder at XY, 

Hence, XY is made equal to d. 

The radius of curvature R of the shoulder varies from l^d to 7.6c£ 

d 2 
Note, — The thickness of the shank should be— or -^'d at least. 

(4). — Effect of hending action upon pin. 




Eigs. 6 and 7 represent groups of eye-bars as they often occur in prac- 
tice. 

Let two sets of 2m bars pull upon the pin in opposite directions, and 
assume that the distribution of pressure between the pin and the eye- 
bar heads is uniform. 

Let P be the stress in each bar. 
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hetp be the distanoe between the centre lines of two consecutive bars. 
All the forces on each half of the pin are evidently equivalent to a 
couple of which the moment is n,P. p. 

Hence, at any section of the pin between the innermost bars, 

n.P.pUl, 

/being the stress in the material of the pin at a distance c from the 
neutral axis, and / the moment of inertia. 

If there are 2n-2 bars in one set, the bending action at the centre of 
the pin is nil. 

In general, the bending action upon a pin connecting a number of 
vertical; horizontal, and inclined bars, may be determined as follows : — 

Consider one-half of the pin 
only. 

Let F, Fig. 8, be the resultant 
stress in the vertical bars. 

It is necessarily equal in magni- 
tude but opposite in direction to 
the vertical component of the re- 
sultant of the stresses in the inclined bars. Let v be the distance 
between the lines of action of these two resultants. The correspond- 
ing bending action upon the pin is that due to a couple of which the 
moment is V,v, 

Let h be the distance between the lines of action of the equal resul- 
tants ^of the horizontal stresses upon each side of the pin. The cor- 
responding bending action upon Hie pin is that due to a couple of which 
the moment is H, h. 

Hence, the maximum bending action is that due to a couple of which 
the moment is the resultant of the two moments V.v and H.h,, viz. 

(5). — General remarks^ — Tension chord pins are most severely strain- 
ed when the live load covers the whole of the bridge. 

The advantages €i pin-conneoted structures are facility of erection 
and transport, and the interchangeability of many of the parts. On the 
other hand, pins are often badly designed, the effective strength of a bar 
with hinged ends as a strut is considerably less than if the ends were 
securely fixed, and the hammering under a live load causes the eyes to 
elongate and the pins to work loose. 

A properly riveted bridge is certainly far more rigid than one con- 
structed on the pin system. 
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(6). — Rivets. — A rivet is an iron or steel shank, slightly tapered at 
one end (the tail) and surmounted at the otfier by a cup or pan-shaped 
head (Fig. 10). It ii& used to join steel or iron plates, bars, etc. For 
this purpose the rivet is generally heated to a cherry red, the shank or 
spindle, is passed through the hole prepared for it, and the tail is made 
into a hvLtton, Of point. The hollow cup-tool gives to the point a nearly 
hemispherical shape, and forms what is called a snap-rivet, (Fig. 2). 
Snap-rivets, partly for the sake of appearance, are commonly used in 
girder-work, biit they are not so tight as conica^pointed rivets (staff- 
rivets), which are hammered ibto shape until almost cold, (Fig 3). 

When a smooth surface is required, the rivets are counter-sunk 
(Fig. 4). The counter-sinking is drilled and may extend through the 
|»late, or a sbbulder may be left at the inner edge. 

Cold riveting is adopted for the small rivets in boiler work and also 
wherever hating is impracticable, but tightly-driven turned bolts are 
sometimes substituted for the rivets. In all such cases the material of 
the rivets, or bolts, should be superior in quality. 

Loose rivets are easily discovered by tapping, and, if very loose, should 
be at once replaced. It must be borne in mind, however, that expan- 
sions and contractions of a complicated character invariably accompany 
hot-riveting, and it cannot be supposed that the rivets will be perfectly 
tight. Indeed, it is extremely doubtful whether a rivet has any hold 
in a straight drilled hole, except at the ends. 

Riveting is accomplished either by hand or machine, the latter being 
far the more effective. A machine will squeeze a rivet, at almost any 
temperature, into a most irr^ular hole, but the exigencies of practical 
conditions oflen prevent its use, except for ordinary work, and its advan- 
tages cannot be obtained where they would be most appreciated as, 
e.g,, in the riveting up of connexions. 

9 
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130 STRENGTH OF PUNCHED OR DRILLED PLATES. 

(7.) — Dimensions of rivets, — The diameter {d) of a rivet in ordinary 
girder-work varies from f-in. to 1-inch, and rarely exceeds l^in. 

The thickness (i) of a plate in ordinary girder-work should never be 

less than J-in., and a thickness of f-in., or even -rx-in., is preferable. 

Let jT be the total thickness through which a rivet passes. 
According to Fairbaim, when t < ^in., d should be about 2,t 
a a " « > i-in. " " « 1J.< 

" ** Unwin, when t varies from j-^^* ^ l-in» and passes 

through two thicknesses of plate, d lies 

between -t + -- and - •< + -. 
4 16 8 8 

T 5 

" " " when the rivets jom several plates, c?= -q- + ^ 

o o 

" " French practice, diar. of head = If .^. 

" " " " length ofrivet from head=!r+ If .<f 

" " Rankine, length of rivet from head = T-{- 2\,d 

2 

The rise of the head -^d 

The diar. of the rivet hole is made larger than that of the shank by 
from ^'in. to -^In,^ so as to allow for <^e expansion of the latter when 

hot. 

There seems to be no objection to the use of long rivets, provided they 
are properly heated and secured. 

(8). — Strength of Punched and Drilled Plates. — Oenercdly speaking 
experiments indicate that the tenacity of iron and steel plates is con- 
siderably diminished by punching and that the eflfect of drilling is 
similar, though less in degree. It would seem as if the deterioration in 
tenacity is due, not to the cracking caused by the punch, nor to any 
reduction of tenacity in the neighbourhood of the hole, but rather to an 
alteration in the elasticity which destroys the power of elongation in a 
narrow annulus around the hole. The removal of the annulus (about 

^in. thiok^ neutralizes the effect of punching, and the plan is therefore 
25 

sometimes adopted of punching the holes ^.in. less in diar. than the riv- 

o 

ets, the holes being subsequently enlarged and counter-sunk. 
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Ponobing does not sensibly afieot ihe strengih of Landore unannealed 
plates, and only slightly diminishes the strength of thin steel plates, but 
causes a considerable loss of tenacity in thick steel plates; the loss, how- 
ever, is less than for iron plates. 

The harder the material the greater is the loss of tenacity. 

Iron seems to suffer more from punching when the holes are near the 
edge than when removed to some distance from it, while mild steel suffers 
less when the hole is one diar. from the edge than when it is so far that 
there is no bulging at the edge. 

All experiments go to prove that the original strength of a punched 
plate may be restored by annealing. 

Whenever the metal is of an inferior quality, the holes should be 
drilled. Drilling is a necessity for first-class work when the diar. of the 
holes is less than the thickness of the plate and also when several plates 
are piled. It is impossible to punch plates, bars, angles, etc., in spite 
of all expedients, in such a manner that the holes in any two exactly 
correspond, and the irregularity becomes intensified in a pile, the pass- 
age of the rivet often being completely blocked. Recourse is then had 
to the barbarous drift y or rimer y which is driven through the hole by 
main force, cracking and bending the plates in its passage, and separa- 
ting tbem one from another, (Fig. 5). 

The holes may be punched for ordinary work, and in plates of which 
Hie thickness is less than the diar. of the rivets. 

If the punch is helical or spiral in form the injury to the plate is less, 
and may be diminished still more by giving the hole in the die-block a 
diar. greater than that of the punch. 

Hence, the loss of tenacity in punched plates depends upon : — 

(l).-The character of the material operated upon. 

(2) .-The amount of the metal between the holes, or, probably, Hie 
ratio of the diar. of the punch to the pitch or the punched holes. 

(3) .-The diar. of the punch, or, probably, the ratio of the diar. of the 
punch to the thickness of the plate. 

(4) .-The ratio of the diar. of the punched hole to the diar. of the 
hole in the die-block. 

(9). — Biveted joints, — Kiveted joints may be classified as Lap, 
Fishy and jBu^^ joints. 

In Lap joints, the {dates over-lap, (Figs. 15 and 18), and are riveted 
together by one or more rows of rivets. 
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In Fish joints, the ends of the plates meet, and the plates are riveted 
to a single, (Fig. 16), or to two, (Fig. 17), covers by means of one or 
more rows of rivets on each side of the joint. 

A Fish joint is termed a Butt joint when the plates are in compres- 
sion. The plates should butt evenly against one another, although they 
seldom do so in practice. Indeed, the mere process of riveting draws 
the plates slightly apart, leaving a gap which is often concealed by caulk- 
ing. A much better method is to fill up the space with some such hard 
substance as cast-zinc, but the best method, if the work will allow of the 
increased cost, is to form a jump joint, i.e,, to plane the eyes of the 
plates carefully, and then bring them into close comtact, when a short 
cover with one or two rows of rivets will suffice to hold them in position. 

The riveting is said to be nngle, double, triple, , according as 

the joint is secured by one, two, three, , rows of rivets. 




oooojoo oo 
ooOo'o^^oo 
ooqo^oO oo 

OO OOtO 00 



Doubte, triple^. , riveting maybe chain, (Fig. 19), or lig-sag, 

(Fig. 20). In the former case the rivets form straight lines longitu- 
dinally and transversely, while in the latter the rivets in eaoh tow 
divide the space between the rivets in adjacent rows. 

(10). — Strength of riveted joints, — The strength of a joint, as derived 
from the rivets alone, evidently depends upon the number of shears to 
which they are liable. Thus, a rivet m double shear, (Figs. 17 and 
18), is twice as strong as a rivet in tingle shear, (Figs. 15 and 16), 

According to Fairbaim, if the strength of an unpunched plate be 
taken at 100, the comparative strength of single and double riveted 
joints are as 56 and 70, respectively, but this estimate is probably too 
high. At least it does not seem to be founded upon a satiefaotoiy basi% 
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nor to give satisfiuslory results, for die ratio of the tensfle to ihe shear- 
ing stress, as dedaoed from Fairbaim's experiments, varies with different 
thidmesses of plates, which appears to be contrary to reason. 

Fairbaim proposed to make the joint and nnpunched plate, equally 
strra^, by increasing the thickness of the punched portion of the plate, 
bat it is di£Gionlt to carry this out in practice. 

Very few, if any, tmstworthy data have been supplied respecting the 
resistance of plates to indentation by rivets or bolts. The resistance 
must of course vary with the quality of the iron or steel, but the degree 
in which the tenacity of the plates is affected by the indentation is most 
uncertain. The mecm cnuhing intemity may be defined to be the ratio 
of the total stress to the bearing area (the product of the diar, of thts 
hole hy the thicknesM of the plate), and has been fixed at 5 tons per 
sq. in. foT wrought-irony but on theoretical rather than practical grounds. 
Kit is also assumed that the bearing and tearing strengths of a joint are 
the same, it is found that the crushing pressure rapidly increases with 
the ratio of the diar. of the rivet to the thickness of the plate. When 
the ratio exceeds 3, the crushing pressure in a double-cover joint is more 
than 40,0004bs. per sq. in., t.e., it has reached its ultimate limit, and the 
joint will fail, although the tension in the plate is less than 8600-lbs. per 
sq. in. Hence, the diar.. of the rivet should not be greater than thr^e 
times the thickness of the plate. In all probability the failure of the 
joint at such a low tensile stress is partly due to the deformation of the 
metal around the hole, which causes an unequal distribution of stress. 

Until forther experiments give more definite information, the safe 
bearing intensity for wrought iron may be taken at 5-tons per sq. in, in 
ordinary work, and at 7^tons per sq. in. in chain rivetted joints with 
well supported rivets. The safe bearing intensity for steel may be taken 
at the same proportion of the ultimate stress as in the case of wrought- 
iron. 

Let S be the total stresses at a riveted joint. 

" AiAiAy/Af ^ the safe tensile, shearing, compressive, and bear- 
ing unit stresses, respectively. 

^^ t be the thickness of a plate, and w its width. 

** JVbe the total number of rivets on one side of a joint. 

" n " " in one row. 

" ^ be Qie pitch of the rivets, i.e., the distance centre to centre. 

" dhe the diar. of the rivets. 

'' SB be the distance between the centre line of the nearest row of 
rivets and the edge of the plate. 
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It is impossible to apply ihe ordinary mathematical rules to the 
determination of the ultimate strength of a riveted joint, as the distribu- 
tion of the stress which produces rupture may prove to be very 
irregular. 

This irregularity may rise, (1). -Because the stress does not coin- 
cide in direction with the centre line, (2)-Because of local action, 
(3). -Because of the existence of strains within the metal before 
punching. 

The joint may fail in any one of the following ways : — 

(1). — The rivets may shear. 

(2). — The rivets may be forced into and crush the plate. 

(3). — The rivets may be torn out of the plate. 

(4).— The plate may tear in a direction transverse to that of the 
stress. 

The resistance to rupture should be the same in each of the four 
cases, and always as great as possible. 

Value o/x.-It has been found that the minimum safe value of a; is 

dy and this in most cases gives a sufficient overlap (=2uc), while 

3 
x:=-'d is a maximum limit which amply provides for the bending and 

shearing to which the joint may be subjected. Thus the overlap will 
vary from 2,d to 3.d. 

X may be supposed to consist of a length X|, to resist the shearing 
action, and a length x^ to resist the bending action. It is impossible to 
determine theoretically the exact value of a^, as the straining at the 
joint is very complex, but the metal in front of each rivet (the rivets at 
the ends of the joint excepted) may be likened to a uniformly loaded 

beam of length d^ depth x, — -^, and breadth t, with both ends^ee^. Its 

moment of resistance is therefore -^•*' ( ^i — « ) >/l>eing the max. unit 

stress due to the bending. Also, if P is the load upon the rivet, the 

^ . P 

mean of the bending moments at the end and centre is ^ -d!. 

o 

Hence, approximately, -^-d = =^-<. (x^ "" o ) 

o 4/.</ d\^ 

It will be assumed that the shearing strength of a rivet is equal to the 
strength of a beam to resist cross-breaking. 
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(11). — Single-riveted lap and single cover joinU {Figs. 15 and 16). 

~/t = ip-d).t.f,^ d.t.f, (1) 



(3) 



(12). — Single-riveted double cover joints^ {Fig. 17). 

2- ^A'iP - d). t.fx ' d. t./, (4) 

2.x,. «./.=2. ^^/.. .-. x,= J. |.* (5) 

4 /.« / d\' 1 ir.d» , . rf, 1 ,/3 JTy' 

r d-(**-2)=r-r-^'' ••'^=2n-^2-"T7 ^^ 

JVbte. — ^The joints in § (11) are weakened by the bending action, 
possibly also by the concentration of the stress towards the inner faces of 
the plates, and experiment shows that they are not nearly so strong as 
the joints in §(12) of the same theoretic strength. The second cover in 
the latter must necessarily diminish the effect of the bending and pre- 
serve a more uniform distribution of stress. In all probability, the 
equality is restored by riveting a stiffener (e.^., an angle-iron) to the 
plates in the lap or single cover joint, and in any case the difference will 
wholly disappear if the joint is double riveted. 

Again, equations (1) and (4) shew that the bearing unit-stress is 
twice as great in the joints of § (12) as in the joints of § (11), so that 
rivets of a larger diar. may be employed in the latter than is possible in 

the former, for corresponding values of —^ 

(13). — Chain riveted jointSy (Fig. 19). 

/,.(«? - n.d).t = S=^/,.N.d.t (7) 

v.d^ 
iS= JV.-j— ./^ when there is one cover only. (8) 

S^N.-^./^ when there are two covers. (9) 

This class of joint is employed for the flanges of bridge girders, the 
plates being piled as in Figs. 21, 22, 23, and n being usually 3, 4 or 5. 

In Fig. 22, the plates are grouped so as to break joint, and opinions 
differ as to whether this arrangement is superior to ihidfuU butt shewn 
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in Fig. 23. The adyantages of the latter are that the plates may be 
cut in uniform lengths, and the flanges built up with a degree of accuracy 
which cannot be otherwise attained, while the short and awkward pieces 
accompanying broken joints are dispensed with. 

A good practical rule, and one saving much labour and expense, is 
to make the lengths of the plates, bars, etc., multiples of the pitch, and 
to design Hie covers, connections, etc., so as to interfere with the pitch 
as little as possible. 

The distance between two consecutive joints of a group, (Fig. 22), is 
generally made equal to hoice the pitch. 

(14). — Zig-zag and other riveted joints {Fig, 20). — 




A few experiments indicate that chain is a little stronger than zig- 
zag riveting. An excellent plan for lap and single cover joints is to 
arrange the rivets as shewn in Figs. 24 to 28. In reality, the strength 
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of the plate at tlie joint is only weakened by one rivet hole, for the 
plate cannot tear at its weakest section, i.e,, along the central row of. 
rivets (aa)y until the rivets between it and the edge are shorn in two. 

Let there be m rows of rivets, 11, 22, 33 (Fig. 26). 

The total number of rivets is evidently m'. 

Let/i, 9„ ^3, 9i , be the unit tensile stresses in the plate along 

the lines, 11, 22, 33, ,re8pectively. 

,\S= (w - d).t/^ —^ .m*/„ for the line 1 1 
(w-2.(i)«.2,=^.K-l)/„ " '' tl 
(w-3(i).<.js = ''^.(m»-3)/„ " " 33 



Assume that /i=2'„ .'. w—(rn? + \).d. 

Hence, by substituting this value of w in the first of the above 

relations, -=---^» since ^'8,^4, are each less than /j, so that the as- 

sumption is justifiable. 

(15). — Coven. — In tennon joints the strength of the covers must not 
be less than that of the plates to be united. Hence, a tingle cover should 
be at least as thick as a single plate, and if there are two covers, each 
should be at least half as thick. 

When two covers are used in a tension pile it often happens that a joint 
occurs in the top or bottom plate, so that the greater portion of the stress 
in that plate may have to be borne by the nearest cover. It is, therefore, 
considered advisable to make its thickness f-ths. that of the plate. 

The number of the joints should be reduced to a minimum, as the 
introduction of covers adds a large percentage to the dead weight of 
the pile. 

Covers might be wholly dispensed with in perfect jump joints, and a 
great economy of material effected, if the difficulty of forming such joints 
and the increased cost did not render them impracticable. Hence, it 
may be said that covers are required for all compression joints, and that 
they must be as strong as the plates, for, unless the plates butt closely, 
the whole of the thrust will be transmitted through the covers. In some 
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of the best examples of bridge construction, the tension and compression 
joints are identical. 

(16). — Rivet connexion between flanges and web. 

The web is usually riveted to the angle-irons which form part of the 
flanges. 

Let M be the bending moment, and S the shearing force, at the point 
of which the abscissa is x, x being measured along the girder from any 
given origin. 

Let h be the depth of the girder. 

Let/, be the safe shearing stress per unit of area. 

Two cases may be considered. 

Case L^Plate Web, — The shearing area of the rivets connecting the 
web with the angles must be equal to the theoretic horizontal section of 

the web, i.e., to ^r^, and the corresponding number of rivets per unit 

S 

of length =-A^=li.Jl.^ 
^«^ U n.c^/, 
4 
Let J^ be the horizontal stress transmitted to the angles through the 
web, and tending to make them slide over the flange fiace. 

JTLf cr 

/. F,h^ the increment of the bending moment, = -j— = aS, or F=z—, 

ax n 

The requisite shearing area ^ -r-rr and number of rivets is therefore 

the same as before. 

Case IL-Open Web, — One of the 
braces which meet at each apex is a 
strut, and the other a tie. 

The sectional area of the rivets con- 
necting each brace with the angle-iron 
must be equal to the net section of 
that brace. 

Let F be the horizontal component 
of the diagonal stresses. 

.'. F.h the increment of the bending moment, =/$ 

.'. J^ =-7", is the force which tends to make the angle slide over the 

flange face. 

Hence, the number of rivets between two consecutive apices. 
^14 1 g 
11A.(?/,* 
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Examples. 



(1). — ^A trdllis girder rests on two sapports withoat exerting any 
lateral pressure upon them. A vertical section of the girder meets two 
sets of n bars inclined in opposite directions, and it is assumed that in 
each set a mean stress maybe substituted for the different stresses in the 
bars. 1£ Djiy, are the mean stresses and T,Cy the horizontal forces in 
the flanges at the section, shew that n,(D - jy). mie-\- T- G must be 
zero at all points of the span, independently of any additional hypothesis, 
e being the common inclination of the bars to the vertical. 

Note, — ^If TzzzC^ J9must necessarily be equal to I/. 

(2). — The tensile and compressive unit-stresses in the chords of a bridge- 
truss of span I and uniform depth d, are nowhere to exceed /i and/,, 
respectively ; shew that the greatest central deflection is approximately 

(/, -f/,)' ' Hence, if the span is eight times the depth, and if 

the grade line is to be truly horizontal when the bridge is loaded, shew 
that the length of the top chord should exceed that of the bottom chord 
by an amount equal to the camber. 

(3). — ^A lattice girder 200-ft. long and 20-ft.deep, with two systems 
of right-angled triangles, carries a dead load of 800-lbs. per lineal ft. ; 
determine the greatest stresses in the diagonals of the fourth bay from 
one end, when a live load of 1200-lbs. per lineal ft. passes over the 
girder. 

(4). — ^A lattice girder 80-ft. long and 8-ft. deep carries a uniformly 
distributed load of 144,000-lbs. ; find the flange inch-stresses at the 
centre, the sectional area of the top flange being 56^-sq. ins. gross, and 
of the bottom flange 45^. ins. net. 

What should be the camber of the girder, and what extra length 
should be given to the top flange, so that the bottom flange of the loaded 
girder may be truly horizontal ? 

(5). — ^A lattice girder 80-fl. long, and 10-ft. deep, with four systems 
of right-angled triangles carries a dead load of 1000-lbs. per lineal ft. ; 
determine the greatest stresses in the diagonals met by a vertical plane 
in the seventh bay from one end, when a live load of 2500-lbs. per lineal 
fib. passes over the girder. Design the flanges, which are to consist of 
plates riveted together. 
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7 . 
The lattice bars are riveted to angle irons; find the number of -^-in. 

rivets required to connect the angle-irons with the flanges in the first 
bay, 10,000-lbs. per sq. in. being the safe shearing strength of the 
rivets. 

(6). — The bracing of a lattice girder consists of a single system of 
triangles in which one of the sides is a strut and the other a tie inclined 
to the horizontal at angles of a and /3, respectively ; in order to give the 
strut sufficient rigidity its section is made A>-times that indicated by 
theory, the co-efficient k being > unity ; shew that the amount of material 

in the struts and ties is a minimum when * h. 

tanfi 

(6). — A bridge of n equal spans crosses a space of X-ft. ; w , and w^ 
are respectively the live load and weight of the platform, permanent 
way, etc., in tons per lineal fL ; shew that the weight v>i of the main 
girders in tons per lineal ft. may be suppressed in the form 
L, w,. (p, k-\-r) -k- tCj.n 
n— L.(^p.k + q) 
k being the ratio of the span to the depth, and />, q, r, numerical co- 
efficients. Hence, determine the limiting span of a girder. 

If X is the cost of each pier, Y the cost per ton of the superstruc- 
ture, determine the value of n which will make the total cost per lineal 

ft., i.e.,-^ — '' +w\.Y, a minimum, and prove that this is approxi- 
mately the ease where the spans are so arranged that the cost of a span is 
equal to that of a pier. 

(8). — A warren girder with its bracing I 
formed of nine equilateral triangles, and! 
with every joint loaded, is 90-ft. long; itel 
dead weight is 500-lbs.per lineal ft.; prepare! 
a table shewing the maximum stress in each bar and bay when a live- 
load of 1350-lb8.per lineal ft. crosses the girder, allowing for an engine- 
excess of 4,000'lbs. per panel, extending over two consecutive panels. 
The diagonals and verticals are riveted to angle-irons forming part of 
the fianges ; how many f -in rivets are required for the connection of ab, 
AC, and AD, at A ? Also, how many are required between A and I to 
resist the tendency of the angle-irons to slip longitudinally ? 
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(9),— If a force of SOOO-lbs. strike the bottom chord of the girder in 
the preceding question at 20-ft. from one end, and in a direction inclined 
at 30^ to the horizontal, determine its effect upon the several members. 

(10.) — 'The platform of a single-track I 
bridge is supported upon the top chords I 
of two warren girders ; each girder is | 
100-ft^ long, and its bracing is formed of ten equilateral triangles; the 
dead weight of the bridge is QOO-lbs. per lineal ft.; the greatest toted 
stress in A A when a train crosses the bridge is 41,394.8-lbs.; determine 
the weight of the live load per lineal ft. Prepare a table shewing the 
gpreatest stress in each bar and bay when a single load of 15,0004bs. 
crosses the girder. 

(11). — The compression and tension bars in certain two bays of a 
lattice girder are required to bear stresses of 90-cwt8. and 130-owt6 
req>ectively ; design the bars and specify the size and numbed of the 
rivets at the attachments, allowing 100-cwts. per. sq. in, of net section 
in tension, 65^wts. per sq. in. of gross section in compression, and a 
shearing stress on the rivets of 100-cwts. per sq. in. 

(12).-The two trusses for a 16-ft. road- 1 
way are each 100-ft. in the clear, 17-ft. 3-in. 
deep, and of the type represented in the 
Fig.; lulder a live load of 1120-lbs. perl 
lineal ft. the greatest total stress in AB is 35,400-lbs., determme the 
permanent load. 

The diagonals and verticals are riveted to angle-irons forming paDt 
of the flanges ; how many |-in. rivets are required for the connection 
of AB and BC at jB ? also, how many are required between B and D to 
resist the tendency of the angle- irons to slip longitudinally ? 

(13). — Design a double flanged plate girder, 8*ft. deep and 80-ft. 
long; to carry per lineal ft. a dead load of 500-lb8. and a live load of 
16(K)-lbs., the safe tensile and compressive inch-stress being lO,OOO-lb0. 
•iid 8,000-lbs., renpectively. 

Determine the number of rivets required per Imeal unit of length at 
the end and centre of the girder to connect the flange angle-irons with 
the web. 

(14). — Find the points in each chord of the girder m the preceding 
question at which the chord stress is equal to the vertical shearing 
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(15). — A Howe truss, 80-ft. long and 8-ft. deep, has a single set of 
diagonals at 45^; find the chord and diagonal stresses in the 3rd bay : 
(a)-When the truss carries a uniformly distributed load of 40-tons, (6)- 
When the 40-tons are concentrated at the middle of the span. (^Neglect 
the weight of the truss). 

(16). — ^Design a 16-panelled Howe truss for a clear span of 200-ft., 
and of such a depth that the chord stress in the 8th and 9th panels is 
one-half of the total distributed load (dead load per lineal ft.=800-lbs. 
live load per lineal ft.=:1200-lb8.). 

(17). — What should be the depth of the truss in the preceding ques- 
tion so that the chord and diagonal stresses in the second panel may be 
equal? 

(18). — ^A Howe truss with iV-panels and a span oflft. is designed for 
a dead load of lo-lbs. and a live load of v^'-lbs. at each of the panel points 
in the bottom chord ; assuming that the sectional areas of the different 
members are directly proportional to the stresses to which they are sub- 
jected, determine the depth of truss which will secure the greatest 
economy of material. 

(19). — The platform of a double-track i 
railway bridge at Thamesville is supported 
from the bottom chords of two trusses braced 
and counter-braced as in the Fig. The length of each truss is 184-ft. 
2-in., its depth is 34-fl., and it is designed to carry per lineal ft. a live 
load of 2250-lbi. and a dead load of 11 00-lbs. ; prepare a table shewing 
the max. stress in each member. 

(20). — Design a cross-tie for the bridge in the presiding question, 
the live load for the floor-system being 800U-lbs. per lineal ft. 

(21).— A 16-panelled Murphy-Whipple truss 200-ft. long, and 18-ft. 
9-ins. deep, is designed to carry per lineal ft. a dead load of 750-lbs. and 
a live load of 1200-lbs., the panel excess weight due to the engine being 
4000-lbs., and that due to the tender 3000-lbs. ; prepare a table shewing 
the max. stress in each member, and specify the bars which require to 
be counter-braced. 

(22). — Determine the greater weight that may be constructed at 50- 
ft. from one end of the truss in the preceding question. 

(23). — Design a quadrangular truss (See 
Fig.) with square panels for a span of 91-ft., 
the chords and posts being of timber and the | 
ties of wrought-iron. 
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(24). — Design a Fink truss for a 242-ft. span from the following 
data : — depth of truss = 30-fb. ; length of panel = 15-ft. l^ins. ; dead 
load per lineal ft. of truss = 1232 lbs. ; live load per lineal ft. of truss 
= 1300-lbs. ; the engine excess weight upon each of the end posts = 
1704-lb8. 

(25). — Ai, ji,, and Oj, a^ are respeotiyelj the sectional areas and 
inclinations to the vertical of the two ties which meet at the foot of a 
post in a Bollman truss; if the sectional area of each tie is proportioned 
to the stress to which it is subjected, shew that 

Ay. co^aMn a = J,.oo«'a,.nn Of, 

(26). — Design an eight-panelled Bollman truss, 100-ft. long and 12^ 
ft. deep, to carry a uniformly distributed load of 200-ton8, together with 
a single load of 10-tons concentrated at 25-ft. from one end. 

(27). — In a Post truss for a 200-ft. span there are 16-panels,the posts 
incline towards the centre, and have a run of half a bay, the ties cross 
two panels, and are inclined at 45^ to the vertical, the counter-ties cross 
one panel, and have the same inclination, the panel weight of engines 
17,600-lbs., of tender =16,160 lbs., andof car8 = 12,500.1bs.; the maxi- 
mum stress in the seventh tie from one end = 56,000-lbs.; determine 
the panel weight of truss, and specify the bars which require to be 
counter-braced. 

(28). — A weight is placed at the centre of a truss of which the web 
consists of a single system of struts and ties ; shew how to determine 
the inclination of the web members to the vertical, so that the amount of 
material in them may be a minimum. 

(29). — Design a bowstring girder, f^a)-with vertical posts and diagon- 
al bracing, (6)-with isosceles bracing, from the following data : — 
The span is 80ft., the depth at the centre is 10 -ft., the dead load per ft. 
run is ^ton, the live load per ft. run is 1-ton. 

(30). — The bowstring girder repre- 1 
sented by the Fig. is designed to sup- 
port a load of 840-lbs. per ft. run ; its I 
span is 100-ft., its central depth 14-ft., | 
its depth at each end 5-ft., and its 
upper chord is a circular arc ; determine the stresses in all the members. 

(31). — The span of a suspension bridge is 200-ft., the dip of the chains 
is 80-ft., and the weight of the roadway is 1-ton per ft. run ; find the 
tensions at the middle and ends of each chain. 
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(32). — AjBsuming that a rope (or single wire) will safely bear a ten- 
sion of 15-tons per sq. in., shew that it will safely bear its own weight 
over a span of about one mile, the dip being -^-ih of the span. 

(33). — Shew that a steel wire rope of the best quality, with a dip of 
4-th of th'e span, will not break untiJ the span exceeds 7 miles. . 

(34), — The platforia of a suspension bridge of 150-ft.. ilpan is sus- 
pended by 90 vertical rods (45 on each side) from the cables, which 
have a dip of 15 fb. ; the weight of the platform is 2240-lbs. per lineal 
fl. ; find the stresses at the middle and ends of the cables, and in the 
suspenders, when a uniformly distributed load of 78,750-lbs. covers half 
the bridge. 

(35). — Design a pair of auxiliary girders for the bridge in the pre- 
ceding question, to counteract the effect of a live load of 1050-lbs. per 
lineal ft., and examine the effect of hinging the girders at the centre. 

(36). — Abridge 442-ft. long consists of a central span of 180-ft. and 
two side spans each of 131-ft. ; each side of the jdatform is suspended by 
vertical rods from two iron wire cables ; each pair of cables passes over 
two masonry abutments and two piers, the former being 24 -ft. and the 
latter 40*ft above the surface of the ground ; the lowest point of the 
cables in each span is 19-ft. above the ground surface ; at the abut- 
ments the cables are connected with straight wrought-iron chains, by 
means of which they are attached to anchorages at a horizontal dis- 
tance of 66-fb. from the foot of each abutment ; the dead weight of the 
bridge is 3500-lbs per lineal ft., and the bridge is covered with a proof 
load of 45()0-Ibs. per lineal ft. ; determine, 

(a) . — The stresses in the cables at the points of support and at the 
centre of each span. 

(6). — The dimensions and weight of the cables, (1) — if of uniform 
section throughout, (2) — if each section is proportioned to the pull 
across it. 

(c). — ^The alteration in the length of the cables and the corresponding 
depression of the platform at the centre of each span, due (1) — to a 
change of 60® F. from the mean temperature, (2) — to the proof load. 

(d). — The enubing and beading efforts at the feet of a pier. 

(e). — The bearing area at the top of the abutments, and the mass of 
masonry necessary to resist the tendency to overtumhig and to hoi^i- 
sontal displacement. {Weight of nujuonr^ per euhic/t, =^ 12S lbs, ^ its 
Mxrfe comprettive Btrengthper sq./t.^2004bg,y its coefficient of friction 
= .76). 
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^^7^. — Solve the preceding question when the cables for the several 
spans are independent, and have their ends securely attached to the 
points of support The piers are wrought-iron oscillating columns, and 
in order to maintain the equilibrium of the structure under an unequally 
distributed loads the heads of the columns are connected with each 
other and with the abutments by iron wire stays ; determine the proper 
dimensions of the stays, assuming then to be approximately straight. 

(38). — The river span of a suspension bridge is 930-ft., and weighs 
6976-tons, of which 1439-tons are borne by stays radiating from the 
summit of each pier, while the remaining weight is distributed betweep 
fowr 15-in. steel wire cables producing in each at the piers a tension of 
2064-tons ; find the dip of the cables. 

The estimated maximum traffic upon the river span is 1311-tons, 
uniformly distributed ; determine the increased stress in the cables. 

To what extent might the traffic be safely increased, the limit of 
elasticity of a cable being 8116-tons, and its breaking stress 12,300- 
tons? 

(39). — ^A semi-circular rib, pivoted at the crown and springings, is 
loaded uniformly per horizontal unit of length ; determine the position 
and magnitude of the maximum bending moments, and shew that the 
horizontal thrust on the rib b one- fourth of the total load. 

(40). — Draw the equilibrium polygon for an arch of 100-ft. span and 
20 ft. rise, when loaded with weights of 3, 2, 4, and 2 tons respectively, 
at the end of the 3rd, 6th, 8th, and 9th division firom the left support^ 
of ten equal horizontal divisions. (^Neglect the weight of the rib). 

If the rib consist of a web and of two flanges 2^ ft. from centre to 
centre, determine the maximum flange stress. 

(41). — ^A parabolic rib of span I and rise k, having its ends A and B 
fixed, supports a given load at a horizontal distance x from the middle 
of the span; the equilibrium polygon consists of two straight lines CD^ 
CE, meeting the verticals through A and B in D wi U respectively; 
i£AD:=:a/if BE=y^j and if y is the vertical distance of C from JlB^ 
shew that, 

2 Z + 10.*, 2 ^-lO.jc, ^ 6 , 

y^=i5Tr2:7-^'y^r5T32:7'^' ^==5-^- 

(42). — ^A parabolic double-flanged rib 2^ft. deep, of 100-ft. span 
and 20-ft. rise, is fixed at both ends and loaded in the same manner as 
ihe rib in Question 40 ; draw the equilibrium polygon, and determine 
the flange stresses at the ends and at the division points. 

10 
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(43). — ^A rib in the form of the segment of a circle, of span I and 
rise k, is hinged at its ends A,Bj and supports a weight TT at a hori- 
zontal distance x from the middle of the span : the equilibrium polygon 
consists of two straight lines CA, CB, the vertical distance of C from 
AB being Y; determine the value of F, and shew that the horizontal 

thrust on the rib is W. . , Vr • 
4. L X 

(44). — If a rib in the form of the segment of a circle be substituted 
for the rib in Question (41), shew how to find y^j yu ^, and apply to 
the case of semi-circular rib. 

(45). — Draw the curve of equilibrium for a semi-circular rib of uni- 
form section under a load uniformly distributed per horizontal unit of 
length, (a) — ^when hinged at the ends, (6) — ^when hinged at the ends 
and centre, (c) — when fixed at the ends. 

(46). — Determine the horizontal thrust on a rib in the form of the 
s^ment of a circle due to change of ^ from the mean temperature. 

(47). — In Chapter X, determine the changes to be made in the 
analysis, (a)— of § 13,14,15, when the equations deduced in Corollary 4, 
§(13), are employed instead of equations 10, 11 and 12. 

(6). — Of § 13 and 14, when the abutments yield to the thrust so as 
to enlarge the span by an amount //.jET., ^ being a co-efficient to be 
determined by experiment. 

(c). — Of § 14 and 15, when the eflFect of a change of temperature is 
to be taken into account. 

(48). — Illustrate § 13, 14, 15, by the example of a rib in which 

h = g=5.25, and €[ =- 

(49). — ^A wrought-iron parabolic rib, of 96-ft. span and 16-ft. rise, is 
hinged at the two abutments ; it is of a double ^T-section, uniform 
throughout, and 24-ins. deep from centre to centre of the flanges ; deter- 
mine the compression at the centre, and also the position and amount of 
the maximum bending moment, (a) — ^when a load of 48-tons is concen- 
trated at the centre, (6). — ^when a load of 96-tons is uniformly distributed 
per horizontal unit of length. 

Determine the deflection of the rib in each case. 

(50), — In the framed arch repre- 1 
sented by the Fig., the span is 120- 
ft., the rise 12-ft., the depth of the 
truss at the crown 5-fl., the fixed load 
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at each top joint lO-tons, and the moving load 10-tons ; determine the 
maximum stress in each member with any distribution of load. 

Shew that, approximately, the amount of metal required for the arch : 
the amount required for a bowstring lattice girder of the same span and 
17-it. deep at the centre: the amount required for a girder of the same 
span and 12-ft. deep :: 100 : 155 : 175. 

(61). — Design an arched rib of 100-ft. span and 20-ft. rise, the fixed 
load being 40 tons uniformly distributed per horizontal unit of length, 
and the moving load 1-ton per horizontal ft. 

(52). — A cast iron arch, (see Fig.), whose | 
cross-sections are rectangular, and uni- 
formly 3-ins. wide, has a straight horizontal I 
extrados, and is hinged at the centre and at | 
the abutments. Calculate the normal intensity of stress at the top and 
bottom edges d, e, of the vertical section, distant 5-ft. from the centre 
of the span, due to a vertical load of 20-tons concentrated at a point 
distant 5-ft. 4-ins., horizontally fromB; also find the maximum intensity 
of the shearing stress on the same section, and state the point at which 
it occurs. (ab= 21 ft. 4 ins.) 

(53) — The sketch shews the I 
truss of a counterbalanced swing- 1 
bridge, supposed to be wholly I 
supported by the turntable at A | 
and B ; the dead weight is 650-lbs. per lineal ft. of the bridge, and the 
counterpoise consists of concrete hung in a box from the points and 
D ; required the weight of the counterpoise assuming, first, that it is all 
carried on b, and, second^ that a portion of it is transmitted to A by 
the dotted bar, so that the reaction at A may be equal to that at B, and 
the whole weight of the bridge be equally distributed over the turntable. 

Shew how to find the stresses in the different members of the truss. 

(54).— The truss for 
a counterbalanced swing- 
bridge is of the form and 
dimensions shewn by the 
Fig., the counterpoise 
consisting of concrete 
hung in a box from the points o and d ; the dead weight is 650-lbs. 
per lineal ft. of the bridge ; determine the stresses in the different mem- 
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bers, (a). — ^when the bridge is open and is wholly supported by the turn- 
table at A and B, (h) — when the bridge is closed, and is subjected to 
a passing load of 3000-lbs. per lineal ft. 

Design the joint at E so that, however unequally the arms may be 
loaded, the whole of the load may be transmitted to the main posts EA 
and EB and evenly distributed over the turntable. 

(55). — A girder bridge of 100-ft. span deflects 3-ins. below the hori- 
zontal line under a certain load W, at rest ; find the increased pressure 
due to centrifugal force if TT crosses the bridge at 60-miles an hour. 

(56). — A stiflening girder for a suspension bridge has its ends fixed so 
as to be incapable of vertical motion. 

If a load is concentrated at the centre of the girder, shew that th® 
ratio of the vertical distance between the highest and lowest points of the 
central axis to the vertical distance between the end and lowest point 
. 9 

If a uniformly distributed load covers ^loo-^^ircfo of the girder from 
one end, shew that the ratio of the vertical distance between the ends 
and the lowest point of the neutral axis to the vertical distance between 
the ends and the highest point is 4. 

Determine the depression of the lowest point below the highest when 
one-third of the girder from one end is uniformly loaded. 

(57). — The plate in Fig. is 7^ins. wide 
and ^in. thick ; B and are ^in. rivet holes ; 
AB = l|-ins. CP = 3-ins. ; find CE so that the 
efficiency on the line abge may be equal to 
that on the live abd. 

(58). — Determine the strength of a joint of | 
the type represented by Fig. 28, Chap. VI., from the foUowmg data : — 

widthofplate = 4r^ins., thickness of plates = thickness of cover =o'"^-> 
lb ^ 

13 7 

diar. of rivets = q-^-ins., pitch of rivets on line aa = 2Tr^-ins., on line 
Id Id 

BB=3^ins., distance between aa and bb =l^ins., between aa and 
00= 3J-ins. 

(59). — A ^in. flat diagonal bar at an angle of 45** is riveted to a 
^in. vertical flange plate ; if the admissible stress per sq. in. on the 
shearing area of rivet be 5-tpns, and 7|- tons on the bearing area, shew 
that the strength of the joint may be always made greater than that of 
the bar with two rows of rivets. 
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(60). — A riveted joint may fail by crushing, the bearing area being 
insufficient ; assuming that the rivet and rivet hole retain their cylin- 
drical forms when the joint is strained, and that the pressure at any 
point of the bearing is normal to the surfaces in contact and equal in 
intensity to /. cos a., a being the angle between the normal and the 

/ 11 
direction of the resultant stress, shew that -— = — » J^ and / being re- 
spectively the maximum and mean intensities of the crushing pressure in 
the direction of the resultant stress. 

(61). — A chord-pin joint is of the type represented by Pig. 7, Chap. 
VI. ; the eight bars are each S-ins. deep by 1-in. wide ; the two inner- 
most bars are 1-in. apart, and the spaces between the remaining bars 

are closed up ; find the diar. of the pin, assuming that the ultimate unit 

1 f^ 
stress in a bar is -^^ths. of the actual stress in the pin at its circum- 
ference. 

(62) .-The curvature of a girder at a vertical section of depth h on 
one side of a chord pin joint is increased o-times by the deformation 
of the web; r is the radius of gyration of the section of the chord; if/ 
be the coefficient of sliding friction, shew that the diameter of the pin 

which will just prevent rotation is approximately ' ' - 

State the practical effect of this result. 

(63) .-Two IJ ins. lateral rods are coupled on a pin; the outer is 
subjected to a stress of 2J-tons and the lever arm of its longitudinal 
component is l^ins., the inner is subjected to a stress of 9^-tons and 
the lever arm of its longitudinal component is 1-in.; the stresses in the 
web members produce a couple having its axis inclined at 45° to the 
vertical, and a moment of 20-inch tons ; determine the proper diameter 
of the pin. 

(64)-i>ato. — ^A deck bridge consists of two 
independent spans of 200-ft., supported at one 
end by an iron braced pier 50-ft. high. The 
trusses are 30-ft. centre to centre of chords ; 
the distance between the centre lines of the 
trusses is 17-ft. ; the planes of the pier faces 
batter 2-ins. in 1-ft.; a horizontal section of the 
pier is square. The wind pressure is 40-lbs. 
per sq. ft.; 10-sq. ft. per lineal ft. of bridge 
and 10-sq. ft. per lineal ft. of train, are subject 
to wind pressure; the dead load per lineal ft.is 
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1600-lb8. and the live load 2800-lbs.; the assumed weight of the pier 
is 1800-lbs. per ft. in height; the cylinder of the locomotive is 16-in8. 
in diam., the pressure on the piston is 130-lbs. per sq in.: — 

(a). — Find the stresses in the wind bracing. 

(6). — If a train of empty cars is on the bridge and are on the point of 
overturning, ascertain whether the inclined posts will be subjected to 
tensile stresses. The oars weigh 900-lbs. per lineal ft., and the centre 
of pressure is 7-ft. above the rails. 

(c). — Ascertain whether the wind pressure of 40-lbs. per sq. ft. upon 
the empty bridge will produce tension anywhere in the inclined posts, 
the centre of pressure being 3-ft. above the middle of the truss. 

(^d), — A loaded train rests upon one span, the engine being directly 
over the inclined posts ; find the stresses in the traction bracing when 
the whole pressure of 130-lbs. per sq. in. is suddenly applied upon the 
piston. 

(e). — ^A loaded train, 200-ft. in length, is running at a speed of 30 
miles an hour. Sufficient power is applied to the car-brake to bring 
the train to rest in 300-ft.; find the stresses in the traction bracing 
when the engine is over a pair of inelined posts. 

(/), — Find the max. stresses in inclined posts in each of the three 
sections, by the method of moments, neglecting the effect of traction. 

(g), — ^Will the shoe at the foot of a post slide under any distribution 
of the load ? (Ooeff, of friction =/) 
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